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Abstract

Female mate choice is a powerful evolutionary force that can drive the diversification of
reproductive traits. Despite female mate choice being pervasive among sexually reproducing
animals, we still have a limited understanding of the mechanisms that underpin mate choice.
Generally, direct material benefits of mate choice are well supported whereby choosy females
gain immediate fitness benefits through increased fertilisation/fecundity, superior parental care,
provision of resources or by promoting offspring quality and survival. Alternatively, females
stand to gain from indirect genetic benefits of mate choice, which are derived from the
contribution of genes alone. Despite sexual selection being a research focus over the past four
decades, the importance of indirect genetic benefits remains unclear and highly controversial, in
part due to a lack of robust empirical testing required to draw firm conclusions. Major criticisms
of past studies have centred on there being limited attempt to; i) consider population-wide
variation in breeding behaviours throughout breeding seasons, ii) use genetic approaches to
elucidate the mating success of individuals (and resolve the genetic mating system), and iii)
simultaneously test competing indirect benefit hypotheses for mate choice. These limitations
have inhibited our ability to discern the relative importance of indirect benefits and its
prevalence among animals, impeding our understanding of sexual selection. As such, the
general aim of this thesis was to employ a comprehensive, bottom-up approach to investigate
the breeding biology and mating system of the red-backed toadlet (Pseudophryne coriacea),
with a view towards unravelling patterns and benefits of female mate choice. My systematic
approach aimed to; 1) gain fundamental insights into the species’ breeding ecology, 2)
determine the species’ genetic mating system, 3) explore the potential for direct benefits of mate
choice and 4) test competing hypotheses for indirect benefits of mate choice. Critically, this
study focused on an entire population of P. coriacea, that spanned multiple reproductive events
over a prolonged breeding season (115 days). In Chapter two, I used a multivariate approach to
explore the social and climatic correlates of breeding, and to gain a general understanding of the
species’ reproductive ecology. This work revealed that males respond strongly to climatic cues,
while females were found to predominately use male calling activity (a social cue), in
conjunction with climatic conditions, to inform breeding decisions. Accordingly, I developed an
understanding of the specific environmental conditions that promote opportunities for mate
choice in P. coriacea. In Chapter three, I quantified the genetic mating system of the population
using single-nucleotide polymorphisms (SNPs) to assign parentage to offspring among all adults
in the population. Females predominately mated with a single male, providing evidence for
2

genetic monandry (one of only two cases in an amphibian), highlighting the potential for female
mate choice. In support of this inference, mating success was skewed towards a subset of males,
with only one third securing multiple females. Importantly, genetic analysis also revealed
evidence for male nest-takeover, male sneaking, and the occurrence of hybridisation within the
population. Considered together, chapters two and three demonstrated that there are strong
opportunities for sexual selection in the system, and provided the foundations for teasing apart
the specific mechanisms driving choice. Subsequently, my investigations in Chapter four
focused on female preferences for nest-sites using a multivariate analysis which accounted for
the inter-relationship between nest traits on male sexual display. Females were found to
preferentially deposit eggs in nests with wetter, less acidic substrates, conditions that are known
to improve embryonic survival (indicative of a direct reproductive benefit) in toadlets. The same
nest characteristics also influenced the capacity of resident males to acoustically advertise and
defend nests. Together, these findings highlight the importance of male defended resources
(nests) to both male-male competition and female mate choice. Only at this point, with a
thorough understanding of the model system, was it appropriate to test for indirect genetic
benefit hypotheses, and place my findings in an ecological context. In Chapter five, I conducted
a simultaneous test of two competing indirect benefit hypotheses for the evolution of mate
choice. I found that females were significantly more related to their mates than expected under
random mating during the main breeding event, drawing attention to the possibility that mate
choice for genetic compatibility serves to reduce fitness costs associated with outbreeding.
While this result provides the first population-wide evidence for non-random preferential
inbreeding in a wild amphibian, there are multiple lines of inquiry which indicate that mate
choice for genetic compatibility may be widespread among amphibians. This finding also calls
into question the long-standing belief that mating with closely related mates should be avoided
and promotes consideration that inbreeding might actually yield significant fitness benefits in
certain animal groups. Overall, my findings indicate that females may benefit from mate choice
both directly and indirectly, which provides evidence that multiple mechanisms may be
simultaneously driving mate choice in this system. In conclusion, my research highlights the
value of combining observational and genetic approaches to elucidate a species mating system,
and comprehensively testing multiple, competing hypotheses for the evolution of mate choice.
Moreover, it contributes to a rapidly growing body of evidence that female mate choice is
highly complex.
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1.1

DARWIN’S THEORY OF SEXUAL SELECTION

Darwin’s concept of sexual selection, proposed in 1871, remains one of the most important
contributions to the field of evolutionary biology. Sexual selection, together with natural
selection, is a powerful evolutionary force that provides the foundation for all diversity of life
(Darwin 1871, Andersson 1994). Among early biologists and taxonomists, the difference in
appearance between the sexes created much confusion, to such an extent that males and females
of some species were considered to be different species (Linnaeus, 1758; Mayr, 1963). While
the theory of natural selection provided justification for traits that increase an individual’s
survival (such as camouflaged colouration), the ornamental features possessed by males
appeared to provide no advantage to its bearers. This was most apparent from Darwin’s
discussion of a Peacock’s elaborate tail plumage. The bright colouration is conspicuous to
potential predators and huge feathers do not aid in flight. So, what benefit could they possibly
provide? This conundrum plagued Darwin to the point at which he wrote “the sight of a feather
in a peacock’s tail, whenever I gaze at it, makes me sick”. He would later conclude that these
secondary sexual characters (‘ornaments’) were related to a females choice of mates and the
competition for females among males.
1.2

SEX DIFFERENCES

Darwin (1871) defined his theory of sexual selection as “the advantage which certain
individuals have over other individuals of the same sex and species, in exclusive relation to
reproduction”. Such competition can result in uneven distributions of reproductive success
which gives rise to selection for a diversity of morphological, physiological and behavioural
traits in both sexes (Clutton-Brock, 2017). While sexual reproduction does not necessary require
different sexes, rather just the combination of genetic material from different parents
(Andersson, 1994), sexual selection is most easily explained in the context of two sexes.
Accordingly, in order to understand how sexual selection acts on the sexes, we must first
understand what defines each sex. According to Darwin (1871), males and females are
inherently different, defined according to their reproductive organs (“primary sexual
characters”). More recent definitions of sex are based on the type of gametes produced. For
example, Schärer et al. (2012) made the explicit statement that:
“the female sex produces relatively few, large and usually non-motile gametes (eggs or ovules),
whereas the male sex produces many, smaller and often motile gametes (sperm or pollen)”
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This differential investment by each sex in gametes, referred to as anisogamy, is critically
important in understanding the direction, targets, and strength of sexual selection. Through his
experiments on Drosophila, Bateman (1948) theorised that anisogamy provided a fundamental
explanation for different sex roles. In principle, because males invested in numerous small
sperm that were comparatively cheap to produce, there should be little cost to reproducing with
multiple females. A male’s reproductive success therefore depends on the number of females he
reproduces with. Conversely, because females invest in fewer, large eggs, their reproductive
success should be limited by the costs associated with offspring production. As such, females
should benefit by mating with fewer males of higher quality, so as to increase the viability of
their offspring (Andersson, 1994).
Based on this logic, in most species, males are expected to have higher variability in
reproductive success than females, coined the Bateman’s principle. Bateman’s way of thinking
was further expanded by Trivers (1972), who suggested that it is overall parental investment in
offspring that determines sex roles. Specifically, Trivers argued that investment in parental care
of offspring should cause sex roles if one sex contributes more than the other to reproduction. In
brief, the sex investing more in parental care should be selected to be more discriminate in their
choice of mates, while the sex investing the least in parental care will be selected to compete for
greater access to mates (Møller & Thornhill, 1998).
1.3

CONTEMPORARY SEXUAL SELECTION THEORY

Sexual selection is now widely recognised as consisting of two major forms: intrasexual
selection and intersexual selection. In general, intrasexual selection concerns competition
among males, while intersexual selection involves female mate choice of males (yet this is not
ubiquitous among all taxa, particularly sex-role reversed species (Petrie, 1983; Kokko &
Johnstone, 2002)). Below, I will provide an overview of each form of sexual selection, and
consider how both forms can take place before mating (precopulatory sexual selection), and
after mating (postcopulatory sexual selection) (Birkhead & Pizzari, 2002).
1.3.1

Intrasexual selection

Competition among members of the same sex for access to mates is widespread in nature
because males generally stand to receive the greatest benefit from multiple mating (and is less
costly to males than females). In general, males compete intensely between themselves to
increases their chances of mating with as many females as possible. Intrasexual selection is
most obvious in species where males have physical contests and the victor achieves higher
19

reproductive success. Theoretically, the intensity of competition is influenced by the operational
sex-ratio (OSR): the number of receptive females to reproductively mature males at a given
point in time (Weir et al., 2011). Male-male competition often reflects male quality (such as
physical disputes observed by females) or determines resource holding potential.
Monopolisation of resources stands to improve mating success if those resources are required by
females for reproduction (e.g. nests or food resources). Male-male competition often takes place
before mating (precopulatory competition) and can be resolved through chemical, visual, or
acoustic signalling that serves to indicate dominance and/or male quality. For example, in
Iberian red deer, males (Cervus elaphus hispanicus) use urine and gland secretions containing
volatile compounds that serve to communicate age, social status and condition (de la Peña et al.,
2019). These signals are often enough to resolve disputes in most species; however, competition
can escalate when males of similar condition (or competitive ability) engage each other. Here,
physical combat is a common outcome. Physical contests are often comprised of high intensity
disputes; resulting in the losing male having depressed reproductive success, or even being
killed (Hutchings & Myers, 1987; Clutton-Brock et al., 2006). Such costs can strongly favour
the evolution of male morphological traits that assist in combat, such as enlarged body size or
weapons. As a result, systems with strong male-male competition will typically display
dimorphism in secondary sexual characters (referred to as sexual dimorphism) (Fairbairn et al.,
2007). Male-male competition can also have major impacts on behaviour, often selecting for
male aggression, but is also known to select for a diversity of alternative male mating tactics
(Gross, 1996). Alternative mating tactics allow competitively inferior males to achieve
surprisingly high levels of mating success through behaviours such as female mimicry, forced
copulation and sneaking (Cade, 1981; Taborsky et al., 2008). Critically, male-male competition
can also extend beyond copulation. In species where females mate multiply, the outcome can be
‘sperm competition”, where the sperm of multiple males compete to fertilise the eggs of a single
female (Parker, 1970). Even though sperm competition is a relatively recent concept, it has
already been demonstrated to be a potent evolutionary force, responsible for shaping a diversity
of traits, the most pronounced being elaborate sperm morphologies, behaviours and/or
physiologies that improve a competing males’ capacity for fertilisation success.
1.3.2

Intersexual selection

Intersexual selection is typically defined as the process by which traits exhibited by one sex
leads to the non-random allocation of reproductive investment among individuals of the
opposite sex (Halliday, 1983; Kokko et al., 2003). In most species, females have control over
mating decisions and show preferences for certain males (referred to as female mate choice). As
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for intrasexual selection, intersexual selection can operate before or after copulation (Andersson
& Simmons, 2006).
Precopulatory choice manifests as either proceptive choice (females instigate matings) or
receptive choice (females reject males) during copulation attempts (Beach, 1976). Precopulatory
intersexual selection typically selects for elaborate male displays and ornaments that signal
resource holding capacity or male quality (discussed further below). Post-copulatory processes
also allow for intersexual selection to occur, termed cryptic female choice (Eberhard, 1996).
Here, females can bias paternity towards certain males using various mechanisms such as
differential sperm storage, selective fertilisation, sperm ejection, sperm digestion and sperm
incapacitation (Eberhard, 1996; Firman et al., 2017). Irrespective of whether selection occurs
before or after mating, mate choice theory proposes that females acquire benefits from being
choosy (see Section 1.5 – Benefits of mate choice). Historically, intersexual selection was more
heavily scrutinised than intrasexual selection. Darwin’s arguments on mate choice were thought
to suggest that animals possessed the ability to appreciate aesthetics i.e. females based their
choice on beauty. This view was considered to hinder wider acceptance of the theory,
particularly when Darwin’s contemporaries attempted to apply this view to simpler organisms
such as crustaceans and arthropods. However, mounting empirical evidence has demonstrated
that mate choice for male characteristics is widespread in nature (Andersson & Simmons, 2006).
Nonetheless, our understanding of the evolution of female mating preferences still remains
highly topical, with further empirical studies warranted. Specifically, the variable mechanisms
of mate choice and adaptive benefits are only just beginning to be understood.
1.4

MECHANISMS OF MATE CHOICE

Currently there are five main mechanisms thought to underpin mate choice and drive the
evolution of female preferences (Kokko et al., 2003; Andersson & Simmons, 2006; Candolin,
2019):
a) Sensory bias
b) Direct benefits
c) The Fisherian process,
d) Good genes
e) Genetic compatibility
Sensory bias: female preference or aversion of certain male traits are considered to be a byproduct of an initial bias for traits that have evolved in other contexts, such as under natural
selection (Kirkpatrick, 1987; Kirkpatrick & Ryan, 1991; Ryan & Cummings, 2013). For
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example, a females sensory system may be predisposed to prefer males that possess a certain
colouration if those colours are also preferred by females in other contexts, typically related to
foraging or predator avoidance (Andersson & Simmons, 2006). Males exhibiting ornaments that
females already have a bias for, will have a reproductive advantage and selection will, therefore,
favour the evolution of these ornaments, despite a lack direct or indirect benefits (Endler &
Basolo, 1998). Sensory (or receiver) bias has been recognized in numerous species, however,
the perceptive and cognitive processes driving to the evolution of mating biases are only just
beginning to be understood (Smith et al., 2004; Ryan & Cummings, 2013; Rosenthal, 2017).
Direct benefits: The main idea surrounding direct benefits is that females prefer certain male
ornaments that provide an immediate benefit to the female. The quality of the benefits received
by the female are correlated with the male ornament preferred (Andersson, 1994). Such material
benefits can include access to nutritional resources (Rajyaguru et al., 2013) or territories
(Wolfenbarger, 1999), parental care (Préault et al., 2005) or defence against predators (Møller &
Jennions, 2001). Evidence for direct benefits is widespread taxonomically, suggesting that these
benefits play a general role in the evolution of mate choice (Kokko et al., 2003; Jones &
Ratterman, 2009).
The Fisherian process: under this process females prefer males exhibiting a certain trait if
there is a genetic link between the trait and a female preference for the trait (Lande, 1981;
Andersson, 1994). Preference for the trait will then be passed on to sons and daughters as they
carry alleles for the trait, as well as a preference for the trait among potential mates. This selfreinforcing process is thought to drive extreme male traits due to the positive feedback between
preference and trait. However, while the Fisherian process provides a genetic mechanism to
explain the evolution of mate choice for arbitrary display traits, the theory requires that there are
no additional fitness benefits. In contrast, if attractive males sire offspring with improved
viability then ‘good genes’ models are generally sustained (discussed further below)
(Andersson, 1994). Furthermore, it is argued that male mating success should be considered as a
measurement of fitness, such that offspring with greater attractiveness would indicate ‘good
genes’ benefits, even if in the absence of superior offspring performance (Kokko, 2001).
Quantitative and population genetic models of the Fisherian process have provided some
support for this mechanism, however, early models were highly influenced by assumptions,
particularly concerning the costs of choice. More recently, a meta-analysis review failed to find
strong genetic correlations between male traits and females preferences for specific traits in
most species examined (Greenfield et al., 2014). While these weak covariances may be due to
low power of experimental designs (Sharma et al., 2016), it is posited that indirect benefits via
sons are an unavoidable product of sexual selection where there is a genetic coupling between
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male traits and female preferences (Mead & Arnold, 2004). Additionally, under Fisherian
selection, the potential for alleles linked to sexually attractive traits to reach fixation raises
concerns over the advantages that mate choice confers (Hughes, 2015). Although Fishers
runaway process accounts for this, by proposing that preferred traits will become exaggerated to
the point where they are deleterious (maintained by natural selective process) (Jones &
Ratterman, 2009), model assumptions relating to an indefinite supply of selectable variation
underlying the trait are unjustified (Hughes, 2015).
Good genes: This model proposes that females prefer certain males traits as the quality of
the trait is an honest (reliable) indicator of the broad genetic quality of the male (Trivers, 1972;
Kokko et al., 2003). Expression of this trait by males comes at a cost, hence, males possessing
the trait are implied to be of higher genetic quality as they can survive despite being
handicapped by this additional cost (handicap principle) (Zahavi, 1975). Offspring can inherit
favourable genes (alleles) possessed by high quality males, which increases offspring survival
(additive genetic benefits). Good genes effects have been gaining empirical support, suggesting
that, in many species, genetic correlations exist between preferred male traits and offspring
fitness (Kirkpatrick, 1996). Criticisms of mate choice based on good genes theory include the
potential for genetic variation to be maintained under the eroding force of sexual selection, and
the assumption that females have mechanisms to accurately assess male genetic quality (Kuijper
et al., 2012; Hughes, 2015).
Genetic compatibility: Here, females prefer males based on genes that have a
complementary interaction with their own genetic makeup (Zeh & Zeh, 1996, 1997). The
interaction of male and female genotypes can increase offspring viability when females secure a
male with compatible genes (non-additive genetic benefits). Currently, compatible genetic
benefits have been shown in various species, with reasonably strong evidence for choice on the
basis of genetic dissimilarity (avoidance of mating with close kin) (Pusey & Wolf, 1996).
Despite strong associations between genetic compatibility benefits and genetic dissimilarity,
maximally unrelated parents might not yield the fittest offspring, rather the highest-level of
fitness is likely to be achieved at intermediate or optimal levels of genetic dissimilarity
(Bateson, 1983; Puurtinen et al., 2005). While dominance effects pertain to inbreeding
depression, outbreeding depression must also be considered as epistatic effects caused by the
break-up of coadapted gene complexes can also lead to fitness consequences. Additionally, mate
choice to avoid incompatibility in the major histocompatibility complex (MHC) also provides
some support for genetic compatibility. (Tregenza & Wedell, 2000). However, empirical
evidence for genetic compatibility varies between studies, potentially due to differences
between taxonomic groups under investigation, and the specific fitness components measured.
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The magnitude of indirect benefits (via good genes and/or compatible genes) on mating
preferences, in relation to direct benefits, is the subject of ongoing debate with some suggestion
that the evolutionary force generated by indirect benefits maybe weak (Kirkpatrick & Barton,
1997). Under pre-copulatory mate choice, genetic compatibility is contingent on the females
ability to assess the genotype of a potential mate against her own genotype, while postcopulatory discrimination can facilitate choice for genetic compatibility, such as sperm choice
within the reproductive tracts (Mays & Hill, 2004). To date, mate choice for genetic
compatibility is thought to be facilitated by phenotypic cues such as chemical signals (e.g.
urinary scent) (Roberts & Gosling, 2003), acoustic communication (Waldman et al., 1992) and
visual cues (Gerlach & Lysiak, 2006), however, evidence remains scarce. Nonetheless, it is
suspected that multiple cues may be used to assess potential mates. For example, female threespined sticklebacks use olfactory cues to optimize MHC allelic diversity and visual signals to
obtain direct or good genes benefits (Milinski, 2003).
1.5

BENEFITS OF MATE CHOICE

Choosy females are observed in every taxonomic group (Jones & Ratterman, 2009), but the
benefits of being highly selective can be diverse. Understanding the evolutionary causes of mate
choice has been, and remains to be, a highly debated topic, despite considerable work
investigating the potential benefits (Mead & Arnold, 2004; Neff & Pitcher, 2005; Andersson &
Simmons, 2006; Kokko et al., 2006; Kuijper et al., 2012). As mentioned above, hypotheses for
the adaptive benefit of mate choice fall into two broad categories: direct (material) benefits and
indirect (genetic) benefits (Eberhard, 1996; Reynolds, 1996; Zeh & Zeh, 1996; Jennions &
Petrie, 2000). It should also be noted that these benefits are not necessarily mutually exclusive,
and both may simultaneously contribute to mate choice decisions.
1.5.1

Direct (material) benefits

Direct reproductive benefits of mate choice are those which provide immediate fitness gains to
choosy females through increased fertilisation/fecundity, superior parental care, provision of
resources or by promoting offspring quality and survival (Fedorka & Mousseau, 2002; Candolin
& Wong, 2008). That is, selection for direct benefits must increase a females lifetime
reproductive output (Kokko et al., 2003). These benefits are most often demonstrated in
resourced-based mating systems where males provide resources, including nutrients, shelter and
breeding sites (Neff & Pitcher, 2005). As with any mechanism of mate choice, the benefits of
choice must outweigh the costs in order for the behaviour to be adaptive (Wong & Jennions,
2003). For example, it is understood that searching and assessing males can be costly for
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females, particularly in regard to the time and energy expenditure and the elevated risk of
predation (see Section 1.6 – Costs of choice). Therefore, the costs of searching must be offset by
material benefits that her mate provides. Females may also benefit directly from being choosy if
males provide nutritional offerings. For example, among many insects, nuptial gifts are
provided by males which can increase female fecundity and offspring viability (Gwynne, 1984;
Reinhold, 1999; Arnqvist & Nilsson, 2000). Nuptial gifts are nutritional donations made during
courtship or copulation that females can digest orally, absorb via the reproductive tract or
receive transdermally, i.e. injection (Lewis et al., 2014). Another way in which females can
accrue direct benefits is by selecting males that provide fertility and fecundity gains. Here,
females may use exaggerated secondary sexual characteristics as a selection criterion if these
traits correlate with some aspect of the males’ fertility (Sheldon, 1994). By avoiding males that
are sperm depleted or those with low-quality ejaculate, females stand to increase their fecundity,
primarily as a result of higher fertilisation success (Candolin & Wong, 2008). For example,
among several species of fish, females are known to assess males based on their recent mating
history, preferring unmated males which achieve higher fertilisation rates of clutches (Weir &
Grant, 2010; Scarponi et al., 2015). Strong evidence for direct benefits is primarily derived from
species where males vary in the degree of parental care provided, such that females can increase
the viability and survival of offspring by mating with good fathers (Norris, 1990; Keyser & Hill,
2000). Females can also accrue direct benefits through post-copulatory selection (i.e. cryptic
female mate choice) (Birkhead & Møller, 1993). As mentioned earlier, opportunities for cryptic
female choice exist when females mate with multiple mates during a single reproductive cycle
and the sperm from multiple males compete to fertilise eggs (Eberhard, 1996). Here, females
may have the potential to bias fertilisation outcomes, after copulation, towards certain males
which may enhance fertilisation success (Rosengrave et al., 2016).
It is clear that when males exhibit discernible differences in the benefits they provide,
females stand to benefit from biasing matings towards certain males (Kokko et al., 2003). As
such, material benefits are considered to be the least controversial when explaining mate choice
evolution with many studies providing evidence that choosiness can increase female fitness
directly (Jones & Ratterman, 2009). Nonetheless, species-specific direct benefits can be
complex and are potentially influenced by multiple selective pressures which are often
challenging to identify (Møller & Jennions, 2001). Likewise, the cues in which females
discriminate amongst males are often diverse, requiring thorough consideration in terms of their
simultaneous influence on male mating success and the fitness consequences for females
(Kuijper et al., 2012).
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1.5.2

Indirect (genetic) benefits

Among mating systems where males provide no resources (or other direct benefits), females in
various species exhibit choice for certain males (Reynolds & Gross, 1990). This observation has
led to the suggestion that males may provide indirect (genetic) benefits to females through the
contribution of genes alone (reviewed in Kokko et al., 2003). However, the general relevance of
indirect benefits remain controversial, with studies producing evidence both for and against the
evolutionary maintenance of mate choice through genetic benefits (Birkhead, 2000; Fedorka &
Mousseau, 2002; Slatyer et al., 2012; Garcia-Gonzalez et al., 2015). Conceptually, females may
acquire genetic benefits that promote offspring fitness through the acquisition of good genes,
diverse genes or compatible genes (Trivers, 1972; Neff & Pitcher, 2005).
Classical good genes models differentiate between a Fisherian runaway process and a
Zahavian handicap process (Kempenaers, 2007), however, there is some conjecture over the
fundamental differences between the two. While definitions of the Fisher process vary to some
degree, a condition of the theory is that choosy females benefit by producing attractive sons that
inherit their fathers attractiveness (Fisher, 1930; Kirkpatrick & Ryan, 1991). The Zahavi
handicap process suggests that an attractive male trait reflects a males ability to exhibit a costly
trait (reliable indicator of male quality). Kokko et al. (2006) suggested using the term ‘FisherZahavi process’ which acknowledges that genetic benefits may include both increased viability
and attractiveness of offspring (Eshel et al., 2000). As such, good genes that contribute to higher
mating success in offspring are thought to be akin to genes that promote offspring survival
(Kokko et al., 2003).
More recent empirical and theoretical studies that seek to explain the evolution of mate
choice via genetic benefits categorise genetic benefits into the following two hypotheses: 1)
‘good gene’ hypothesis, and 2) the ‘genetic incompatibility’ hypothesis (Yasui, 2001; Neff &
Pitcher, 2005; Simmons, 2005; Kempenaers, 2007). However, the ‘good genes as
heterozygosity’ hypothesis has been posited as an extension of the ‘good genes’ model
(Kempenaers, 2007). The distinction between these models is discussed further below.
According to the ‘good genes’ hypothesis, it is proposed that males possess genes (or
more appropriately variants of genes i.e. alleles) which are expressed as a trait that females can
use to discriminate between potential mating partners. Females who mate with males with good
genes, as indicated by a trait (e.g. ornamentation), generate additive genetic variation in
offspring fitness, independent of the females own genetic makeup. Offspring that inherit ‘good
genes’ have a fitness advantage which may be expressed as increased survival, competitiveness,
fertility or attractiveness to females (Kokko et al., 2003; Kempenaers, 2007). In systems where
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females select males on the basis of ‘good genes’, it is expected that females will be uniform in
their choice of males, with males exhibiting certain traits achieving higher mating success, and,
in turn, reproductive success (Kirkpatrick, 1996). Under this scenario, a population is expected
to respond to directional selection, such that good genes (or alleles) reach fixation under
constant environmental conditions (Kempenaers, 2007).
Extending from the good genes model, the ‘good genes as heterozygosity’ hypothesis
predicts that females can increase the genetic diversity of their offspring by mating with males
of greater heterozygosity (Trivers, 1972; Brown, 1997). Generally speaking, producing
offspring with greater genetic diversity reduces negative effects of deleterious recessive alleles,
and improves adaptive capacity in response to ecological challenges (Mitton, 1993; Avise,
1994). Theoretically, female choice for heterozygosity is similar to that of the good genes
hypothesis, in that certain males are expected to be universally attractive to females, though
preference is based on mean heterozygosity rather than specific superior alleles (Mays & Hill,
2004). Again, the argument is that choice is made purely on the basis of a male’s genetic
architecture, independent of the female’s genes.
The genetic compatibility hypothesis differs from the good genes hypothesis, in that
benefits are expected to be derived from the combination of both maternally and paternally
inherited genes (Zeh & Zeh, 1996, 1997; Puurtinen et al., 2009). Here, females choose males
that complement their own genetic makeup to improve offspring fitness (related to
overdominance or epistatic effects) (Neff & Pitcher, 2005; Kempenaers, 2007). Subsequently,
the optimal choice of mate for any given female is expected to differ to that of another female.
Thus, all females are not congruent in their choice of males. Furthermore, compatibility benefits
are nonadditive in the sense that variation in fitness is not directly related to individual alleles,
but rather the specific combination of alleles (i.e. there is an interaction effect).
1.6

COSTS OF MATE CHOICE

The costs of mate choice are critically important to our understanding of reproductive ecology
and the evolution of mate-choice mechanisms. There are a number of common costs of mate
choice which require important consideration. First, females may spend large amounts of time
searching for males, assessing the quality of potential mates, or engaged in courtship and
copulation (Daly, 1978; Thornhill & Alcock, 1983; Watson et al., 1998). Among prolonged
breeding species, in particular, females can spend long periods assessing large numbers of males
prior to mate selection (Uy et al., 2001; Alonso et al., 2010). Highly selective females run the
risk of remaining unmated or being unable to secure a mate of higher quality. Second, there are
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energetic costs associated with mate choice (Pomiankowski, 1987). In cases where males are
widely dispersed, or where copulation is protracted, females may expend a considerable amount
of energy searching for males, or during intense mating bouts, which may deplete energy
reserves required for reproduction (Franklin et al., 2012). Third, females may be physically
injured during mating. Sexual harassment can incur significant costs if physically dominate or
aggressive males attempt to forcefully mate with females (Le Boeuf & Mesnick, 1991; Løvlie &
Pizzari, 2007). Copulation may also lead to females sustaining physical injuries that reduce
lifetime fecundity or survival (Trauth et al., 2000; Edvardsson & Tregenza, 2005). Fourth, mate
choice may elevate exposure to sexually transmitted diseases or parasites (Hurst et al., 1995;
Kokko et al., 2002). Across various mating systems, disease can affect both male and female
reproductive success, and infectious disease has been suggested as a possible selection pressure
for monogamy (Thrall et al., 1997; Poiani & Wilks, 2000; Thrall et al., 2000). Finally, greater
time spent looking for mates or engaged in courtship/copulation, can increase female exposure
to predators (Pomiankowski, 1987). For example, in tungara frogs, females have been shown to
mate more indiscriminately when in close proximity to predators, or when environmental
conditions inhibit predator avoidance (Bonachea & Ryan, 2011). Under circumstances where
there are very large benefits to be gained from being choosy, there are likely to be strong drivers
on females to have fewer mating partners. Furthermore, when the costs of mating increase with
greater numbers of mating partners, there is likely to be selective pressure to adjust mating rate
accordingly (Løvlie & Pizzari, 2007; Bleu et al., 2012). These costs, taken together with the
potential benefits of mate choice, likely determine the level of choosiness among females, and,
consequently, should also contribute to mating system variation.
1.7

THE NEXUS BETWEEN MATING SYSTEM AND SEXUAL SELECTION

It has long been understood that there is a strong link between mating system type and sexual
selection. In an evolutionary context, a mating system is defined as the number of mating
partners per male and female (Andersson, 1994). The major types of mating systems are:
monogamy, where each sex has a single mate; and polygamy, where an individual has multiple
mates (Gowaty, 1985). However, the reality is that most species lie on a continuum, requiring
more specific classification in regard to the number of mating partners for either sex (Thornhill
& Alcock, 1983). Strict (mutual) monogamy exists when both males and females have a single
partner (such as species that pair-bond), while polygynandry describes systems where both
males and females have more than one mate per breeding season (Andersson, 1994). Sexspecific definitions include: monandry (females have a single mate), monogyny (males have a
single mate), polyandry (females have multiple mates) and polygyny (males have multiple
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mates). It is also important to recognize the method in which mating systems are classified.
Historically, mating systems were classified based on behavioural observation (referred to as the
social mating system), however, with the advent of molecular techniques, the number of mating
partners per individual can now be quantified with exceptional precision (referred to as the
genetic mating system) (Avise, 1994; Kaiser et al., 2017). As the genetic mating systems of a
greater number and diversity of taxa begin to be uncovered, it is becoming increasingly apparent
that reassessment of hypotheses for the evolution of mate choice is required. In general,
intrasexual selection is thought to be more intense if there is limited access to mates (Darwin,
1871; Emlen & Oring, 1977). However, the intensity of sexual selection between mating
systems varies (Figure 1) and is likely dependent on a number of taxa-specific factors
(Kvarnemo, 2018). While sexual selection can be intense among monogamous species
(Andersson, 1994), it is generally assumed that species with strict monogamy experience
relatively weak selection (Emlen & Oring, 1977; Kvarnemo, 2018). However, it is evident from
the literature that empirical studies across species with various mating systems (including the
subcategories of monogamy such as monandry) are lacking, with existing studies currently
skewed towards promiscuous species.
In the 150 years since Darwin’s discovery of sexual selection, for many animals the
predominant mating system was considered to be monogamy, whereby females pair-bonded
with a single male for life (Lack, 1968). Unnecessary matings were expected to be strongly
selected against due to the significant reproductive costs incurred to females (see Section 1.6 –
Costs of mate choice). While this remains true, genetic advances in molecular technologies have
revealed that in the vast majority of species thought to be strictly monogamous, both sexes
actually mate with multiple partners (Griffith et al., 2002). Hence, our understanding of sexual
selection processes has been somewhat confounded as many species (or sexes) previously
thought to be monogamous are polygamous (DeWoody & Avise, 2001; Griffith et al., 2002). In
particular, the strength of sexual selection in relation to the number of reproductive partners (for
each sex) potentially requires revision in many species. Therefore, studies reporting on the
direct and indirect benefits of mate choice may need to be interpreted cautiously if the mating
system is defined based on the social mating system, rather than the genetic mating system.
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Figure 1. The intensity of sexual selection in relation to sex-specific mating patterns (adapted
from Kvarnemo, 2018).
1.8

CURRENT STATE OF KNOWLEDGE

Despite the recent advances in sexual selection theory, many aspects of the evolution of mate
choice are uncertain. The most contentious issue concerning explanations for the evolution of
mate choice is the validity of indirect benefits of mate choice (Cothran, 2008; Rosenthal, 2017).
Currently, there is strong empirical evidence for the occurrence and strength of direct benefits
(Møller & Jennions, 2001; Hegyi et al., 2015). In contrast, there is a distinct lack of consistency
among studies that have tested the nature and magnitude of indirect benefits. Consequently, the
importance of indirect benefits remains highly controversial (Tregenza & Wedell, 2000). Hence,
there is an apparent need to examine genetic factors underpinning mate-choice processes. To
address this gap, future investigations would benefit from adopting holistic approaches that
consider both direct and indirect mechanisms of choice. Robust investigations should first aim
to assess the general reproductive ecology of a target species, as well as key aspects of the
breeding phenology, prior to teasing apart specific mechanisms driving choice. Acquiring
knowledge of mate availability, variation in mate quality and variation in environmental factors
likely to influence breeding activity, will no doubt be essential to uncovering the costs and
benefits of mate choice (Borg et al., 2006). Despite this, a common limitation of studies
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explaining the benefits of mate choice is often a superficial knowledge of basic aspects of
species breeding behaviour (particularly in response to environmental conditions). Ultimately,
there is a need to capture population-wide variation across entire breeding seasons for more
species. There is some evidence that female mate choice decisions can vary considerably
throughout species breeding seasons and reproductive cycles (Qvarnström et al., 2000; Veen et
al., 2001). Therefore, understanding the onset, timing and intensity of reproductive activity
becomes key to understanding the causes and consequences of mate choice.
Another major limitation of many studies is that researchers have failed to resolve the
genetic mating system of their target species, or have heavily relied on behavioural
observations, which can be problematic for several reasons. First, it is widely acknowledged that
mating success, and the number of mating partners per individual, influences the strength of
sexual selection (Andersson & Simmons, 2006; Kvarnemo, 2018). Surprisingly, however, very
few studies have employed sophisticated molecular methods to quantify the genetic mating
system of a species under investigation. Furthermore, fitness benefits of choice may be
overlooked if offspring are not correctly assigned to adults, or if matings go unnoticed. To date,
there remains a paucity of studies where the genetic mating system has been quantified (greater
in certain taxonomic groups than others), which reduces our ability to explain mate choice
behaviours, and further impedes the potential for broadscale comparative analysis (Birkhead &
Møller, 1992; Mabry et al., 2013). The use of molecular techniques has also demonstrated that
behavioural dynamics of populations are considerably more complicated than originally
understood (Hughes, 1998). Specifically, species presumed to be monogamous, based on
observation, have now been revealed to be highly promiscuous. Additionally, an abundance and
diversity of alternative male mating strategies have been recorded, which have the capacity to
alter the opportunity for sexual selection (Neff, 2001), as well as the strength and targets of
sexual selection (Calsbeek et al., 2002; Corl et al., 2010). Given this, using sophisticated genetic
tools to accurately assign parentage is strongly encouraged. While it may be logistically
challenging to undertake genetic sampling of all individuals within wild populations, studies
that employ exhaustive techniques are also likely to provide the greatest understanding of
mating system variation.
Accounting for direct benefits forms the next step in the process of unravelling the
patterns of mate choice, and the operation of sexual selection. While the direct fitness benefits
of mate choice are well supported in the literature, robust investigations in wild populations are
still required (Reynolds & Gross, 1990; Wagner Jr, 2011; Zandberg et al., 2017). Assessing
multiple traits and preferences has become paramount in studies of mate choice (Prokop &
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Drobniak, 2016), however, few studies have considered the influence of multiple cues on
choice, and their potential combined and interactive effects (Girard et al., 2015; Fowler‐Finn &
Rodríguez, 2016). Incorporating combinations of individual cues or traits into models of mate
choice, and tests thereof, are likely to provide a more complete understanding of female
preferences, and associated fitness payoffs (Candolin, 2003; Hegyi et al., 2015). Only then, can
we begin to test competing hypothesis for the evolution of mate choice based on genetic
benefits in natural populations. Acknowledging the lack of consistency for genetic benefits
found to date, there is clearly a need for studies that test for benefits of mate choice across
various taxonomic groups, particularly under natural environmental conditions.
It is paramount that studies aiming to elucidate the mechanisms of sexual selection, and
the benefits of mate choice, in any target species, develop a comprehensive understanding of the
breeding system of the model species, such that suitable tests can be devised. Determining basic
aspects of a species’ breeding phenology and reproductive ecology is a fundamental step in this
process. Knowledge regarding how and when each sex invests in reproduction, and the climatic
conditions which support breeding activity, provides the necessary foundations for quantifying a
species’ mating system (both social and genetic). It is essential that genetic mating system
investigations account for the reproductive behaviours of all individuals (both reproductively
and non-reproductively successful). To achieve this, wild populations must be studied
intensively over complete breeding seasons to account for temporal variations in reproductive
behaviours. Appropriate tests which target potential direct and indirect benefits of mate choice
for specific target species can then be devised. Studies will, therefore, have the opportunity to
examine the relative importance of direct and indirect benefits in systems where both benefits
may contribute to the evolution of mate choice (Head et al., 2005; Cothran, 2008). When testing
for indirect benefits, investigations should also aim to simultaneously test for good genes and
genetic compatibility hypotheses (Ryder et al., 2009; Sardell et al., 2014). Such approaches will
provide robust tests of mate choice theory spanning various selective factors.
1.9

ANURAN AMPHIBIANS AS A MODEL SYSTEM FOR MATE CHOICE
RESEARCH

Anuran amphibians (frogs and toads) provide an excellent model to investigate mate choice for
a number of reasons (Wells, 2010). First, anurans are known to possess the greatest reproductive
diversity of all tetrapods, which offers excellent avenues to test for potential mechanisms and
benefits of choice (Duellman & Trueb, 1986). Second, in most species, paternity of egg clutches
can be easily determined. Being external fertilisers, clutches are typically separated spatially and
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temporally, allowing relatively easy collection of tissue samples from offspring. External
fertilisation also limits the influence of maternal environmental effects (e.g. differential
investment), which may confound potential benefits of pre-copulatory mate choice (Neff &
Pitcher, 2005). Third, most anurans aggregate around specific breeding environments required
for reproduction, and in response to certain climatic conditions, which facilitates comprehensive
sampling of breeding individuals. These breeding locations also provide an essential
environment for most anurans to complete their aquatic larval phase. This association with
aquatic habitats allows relatively easy quantification of offspring success and performance.
Fourth, mate choice has been extensively studied in anurans, primarily in regard to male
acoustic advertisement, however, visual and chemical signal systems have also been implicated
in mate choice. Finally, anuran amphibians are characterised by having limited dispersal and
restricted gene flow, which often leads to highly genetically differentiated populations
(Templeton, 1986), an outcome that is likely to have profound genetic consequences in the
context of mate choice.
1.10 POTENTIAL FOR MATERIAL BENEFITS OF MATE CHOICE IN ANURANS
For anuran amphibians which breed in risky environments there may be adaptive advantages to
mating with certain males (Townsend et al., 1984). Females may choose males with certain
resources, and, in many species, males defend oviposition sites (Arak, 1983; Pröhl, 2005). Most
egg-laying (oviparous) species use nests to protect embryos from threats, and to increase the
probability of survival between oviposition and metamorphosis. In some taxa, females can
identify the specific characteristics of a nest that can indicate the likelihood of offspring survival
(Jones & Reynolds, 1999; Quader & Sodhi, 2006; Li et al., 2017). However, in cases where
males construct nests, females may have a reduced capacity to identify nests with the most
benefits. This is for several reasons: 1) male selection criteria may be different compared to that
of females; 2) females can only select from the male nests available at the time; 3) male traits
may provide significant benefits to offspring quality and need to be weighed against nest
benefits; or 4) male coercion may influence a female’s nest-site preference. Despite this, there is
considerable evidence that females routinely deposit eggs at sites which achieve greater
offspring survival (Rudolf & Rödel, 2005; Iwai et al., 2007). Considering this, it is expected that
females may have evolved sophisticated mate choice abilities to discern high-quality nests using
various cues. Furthermore, an increasing number of studies have tested for mate choice
preferences based on nest characteristics among anurans (Mitchell, 2002b; Mitchell & Seymour,
2003).
In anuran species where males construct nests and brood eggs, offspring survival may be
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directly related to the level of paternal care. If the level of care varies considerably between
males, females that mate with a single male may be faced with a higher risk of reproductive
failure. Parental care is known to have significant consequences on embryo development and
survival throughout many taxa (Russell, 1982; Gross & Sargent, 1985; Weygoldt, 1987;
Cockburn, 2006). However, few studies have tested for mate choice based on the quality of
paternal care (Ursprung et al., 2011), especially in species characterised by terrestrial breeding
(Byrne & Roberts, 2012).
1.11 POTENTIAL FOR GENETIC BENEFITS OF MATE CHOICE IN ANURANS
For anurans, acoustic signalling by males is the predominate form of communication that
indicates genetic quality to females (Bard & Wells, 1987; Welch et al., 1998; Doty & Welch,
2001; Forsman & Hagman, 2006). Male calls differ significantly in traits such as call frequency,
call duration, calls per minute (call rate) and number of pulses per call (pulse number/pulse
repetition rate) (Gerhardt, 1991; Ryan, 1991; Gerhardt & Huber, 2002). In addition to acoustic
cues, the quality of male anurans may be reflected by visual and chemical signals. Together,
such signals may aid in communicating receptiveness or quality (Amézquita & Hödl, 2004;
Byrne & Keogh, 2007). Though limited, there are some good examples of male signals
correlating with offspring quality. For example, female poison frogs have been shown to prefer
males with more elaborate calls, and, by mating with these males, benefit through increased
offspring hatching success and greater tadpole survivorship (Forsman & Hagman, 2006).
Furthermore, in gray treefrogs, females prefer to mate with males of longer call duration, and
offspring of males with longer calls display superior performance during certain life stages
(Welch et al., 1998).
Among anurans, females may also benefit from highly discriminatory mate choice when
interactions between sire and dam genotypes significantly influence offspring viability.
Breeding site (natal) philopatry is common amongst amphibians where individuals return to the
same area or waterbody to reproduce (Sinsch, 1990). In situations where close relatives will be
in regular contact at breeding sites there is a high possibility that inbreeding will occur. Kin
recognition and inbreeding avoidance may be strongly selected to avoid deleterious effects
synonymous with genetic incompatibility (Waldman & McKinnon, 1993). However, there is
also evidence that breeding with distantly related individuals may lead to outbreeding
depression through the breakup of coadapted gene complexes (Templeton, 1986; Cayuela et al.,
2017). Given this, anurans probably provide excellent models to test mate choice hypothesis
based on genetic compatibility.
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More broadly, despite anuran amphibians being a model for sexual selection research for
over 50 years, surprisingly few studies have provided detailed observations of the general
reproductive biology of single species, and/or attempted to identify the genetic mating system.
Even fewer studies have tested competing genetic benefit hypothesis of mate choice in anurans
(but see Welch, 2003; Cayuela et al., 2017; Byrne et al., 2019 for some related examples).
Moreover, studies that consider both direct and indirect benefits are almost non-existent in wild
populations. Understanding the benefits and mechanisms of mate choice will undoubtedly have
implications for our understanding of fundamental evolutionary and ecological processes.
1.12 AIMS
The general aim of this thesis was to provide a comprehensive investigation of patterns of
female mate choice in the red-backed toadlet (Pseudophryne coriacea). P. coriacea is a small,
terrestrial breeding species (Figure 2) with a prolonged breeding season. Females have been
observed to spend extended periods of time within breeding sites, prior to mate selection,
suggesting that females are displaying mate choice. Males advertise from small chambers
constructed amongst loose soil and leaf litter around the perimeter of dry depressions that
temporarily fill with water following rainfall. Given the vulnerability of terrestrial anuran
embryos to desiccation (Mitchell, 2002a), females may have the opportunity to acquire direct
benefits if certain nests increase the survivorship or viability of offspring. Additionally, there is
strong potential for genetics benefits as males use distinct mating calls to advertise to females, a
trait that may signal genetic quality. This may be particularly important in this species because
breeding takes place in abiotically challenging environments where producing genetically
superior offspring is likely to be beneficial to females. To date, there has been no attempt to
determine the genetic mating system of P. coriacea, and few inferences have been made
regarding the social mating system (White, 1993), likely due to the highly cryptic habits of the
species. However, studies among other members of the genus indicate that the genetic mating
system could lie between monogamy to extreme polyandry (Byrne & Keogh, 2009; Byrne,
Keogh, Silla, unpublished data). Despite our limited understanding of the species, preliminary
observations suggest that there is excellent potential for both direct and indirect benefits of mate
choice in P. coriacea.
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Figure 2. Red-backed toadlet (P. coriacea). Photo D. M. O’Brien.
My specific aims were to
1. Explore the general reproductive biology of P. coriacea, with a focus on assessing the
importance of social and climatic cues on breeding for each sex. (Chapter 2).
2. Quantify the genetic mating system using sophisticated genetic tools and exhaustive
sampling techniques (Chapter 3).
3. Explore the potential for direct benefits of mate choice, specifically in relation to the
attributes of male constructed nests (Chapter 4).
4. Test for associations between mate choice and indirect benefits: good genes as
heterozygosity and genetic compatibility (Chapter 5).
Chapters in this thesis follow the format of a research articles published in a scientific journal.
As such, some background information and methodological details overlaps between chapters.
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2.1

ABSTRACT
Environmental factors have long been known to initiate and modulate breeding activity

in vertebrates. Despite this, the relative influence of climatic and social factors on sex-specific
variation in reproductive behaviour remains poorly understood. Here, I examine the influence of
multiple climatic and social cues on the reproductive behaviour of males and females in a
terrestrial breeding toadlet (Pseudophryne coriacea). Over a 115-day breeding season, arrival
patterns for each sex, and male calling activity, were recorded daily, while climatic variables
were logged continuously. Multivariate analysis showed that arrival of males at the breeding
site, as well as male nightly calling activity, were strongly influenced by climatic factors alone
(primarily rainfall, lunar phase, barometric pressure and daily minimum temperatures). By
contrast, female arrival was predominately correlated with social variables (male calling
activity), with climatic conditions (primarily barometric pressure, humidity and rainfall) playing
a secondary role. These results suggest that cues used for breeding can differ considerably
between the sexes. Males may be more reliant on climatic cues because rainfall influences the
availability of a nest-sites; a resource that males must compete for, defend and advertise to
achieve mating success. Females may be more responsive to social cues because calling
indicates the availability of nest-sites, and calls could potentially encode critical information
about nest quality. Overall, these findings provide new evidence that combinations of climatic
and social cues can be integrated into breeding decisions, and that sensitivity to these cues are
sex-specific.
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2.2

INTRODUCTION
Environmental factors play an important role in the regulation of reproduction within

species (Ims, 1990). Accordingly, consideration of how climatic and social cues influence the
reproductive behaviour of each sex is crucial to our understanding of mating system variation
(Emlen & Oring, 1977; Shuster & Wade, 2003; Janicke et al., 2016). Despite this, the relative
influence of climatic and social factors on sex-specific variation in reproductive strategies
remains poorly understood (Heideman, 2000; Ball & Ketterson, 2007; Van Dyke, 2014; Höbel,
2017). Of critical importance to successful reproduction is the timing and synchrony of breeding
activity between the sexes. Coordinating reproduction spatially and temporally to align with
favourable environmental conditions places strong selection on individuals to be sensitive to
cues associated with climate (e.g. temperature, rainfall, humidity), physiological state
(endogenous rhythms) and social interactions that signal the onset of breeding (Baker, 1938;
Ims, 1990). In principle, the relative importance of these cues is likely to show considerable
inter-specific variation and reflect the climate type of an area used for breeding. For example,
temperate climates that show distinct seasonal changes throughout the year experience climatic
shifts that are predictable to some degree and can be tracked by individuals preparing to breed
(Dawson et al., 2001). However, within breeding seasons, social cues and/or localised climatic
conditions are also likely to play a major role in coordinating the reproductive behaviour of each
sex (Ramos et al., 2002), and triggering breeding events (Lloyd, 1999; Hau, 2001). However, it
is expected that the relative importance of social and climatic cues will vary considerably
between males and females due to fundamental differences in reproductive requirements.
Among vertebrates, the influence of individual environmental conditions on the timing
of reproduction has been well studied, particularly among seasonal, temperate breeding species.
Across all classes, changes in a broad range of climatic factors (e.g. temperature, rainfall),
ecological factors (e.g. food abundance, predation pressure) and social factors (e.g. exposure to
opposite sex) have been causally linked to changes in sex steroid concentrations, gonadal
development, gamete development, and reproductive behaviour (Bronson, 1985; Heideman,
2000; Dawson et al., 2001; Dunn & Winkler, 2010; Caro et al., 2013; Dominoni et al., 2015).
Despite this knowledge, we still have a very limited understanding about sex-specific responses
to environmental variables that control reproductive synchrony and the timing of breeding.
Given that males and females invest differently in gamete production (anisogamy), it can be
expected that each sex will respond differently to cues used to coordinate reproduction.
Inevitably, selection will act differently on males and females to maximise reproductive success,
resulting in sex-specific mating traits. Moreover, sex roles are best understood in terms of the
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relative investment each sex makes in certain aspects of reproduction. Males, typically invest
most heavily in mate searching, competition for mates and/or defence of key resources (Owens
& Thompson, 1994). By contrast, females typically direct their investment towards gamete
production, mate choice and parental care (Owens & Thompson, 1994). Therefore, the relative
importance of climatic and social factors as cues for breeding is likely to be different for each
sex. To begin to understand the extent to which sex-specific differences in responses to climatic
and social cues influence reproduction, studies examining the relative influence of multiple cues
are required.
Across vertebrates, the influence of climatic cues on reproduction should vary
considerably depending on the type of thermoregulatory strategy used. Ectothermic organisms
in particular are strongly reliant on climatic cues to coordinate reproduction as they are
physiologically or metabolically constrained by environmental conditions (Shoemaker & Nagy,
1977). As such, the dependence on the external environment to maintain internal body
temperatures causes most ectotherms to be seasonal breeders (depending on predictability and
harshness of the environment). The onset, timing and intensity of reproductive activity is
therefore likely to have significant fitness consequences for both males and females. For many
seasonally reproducing species, breeding can also occur over prolonged periods with multiple
cycles of reproductive activity punctuated by distinct periods of inactivity (Wingfield &
Kenagy, 1991). Such reproductive cycling provides a good opportunity to study fine-scale sexspecific differences in climatic triggers for reproduction. Surprisingly, however, very few
studies have investigated climatic and social correlates of reproductive activity in prolonged
breeding species (but see Llusia et al., 2013; Höbel, 2017), most likely because of the practical
and logistic issues associated with the daily monitoring of a population over an extended period.
Prolonged breeding anuran amphibians (frogs and toads) provide excellent models to
test for sex-specific differences in response to climatic and social cues for breeding. Anurans
have highly permeable skin which makes them extremely susceptible to desiccation and most
species have an aquatic tadpole phase requiring free-water to complete development (Duellman
& Trueb, 1986). As such, physical activity is highly constrained by temperature and water
availability (Oseen & Wassersug, 2002). In many anurans, social cues are also extremely
important to male-male competition and mate attraction (Gerhardt & Huber, 2002). In most
species, males call to attract females, and there is some evidence that male vocalisations
inadvertently provide social information about the location and timing of breeding events
(Gerhardt & Klump, 1988). For example, a study by Swanson et al. (2007) showed that females
were more responsive to chorus sounds (calls produced by multiple males) and were able locate
breeding aggregations up to distances of 40 metres. Additionally, prolonged breeding frog
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species generally form dense aggregations around specific habitats, and remain at these sites for
weeks to months at a time (Wells, 1977), which provides opportunities to intensively study
patterns of arrival to breeding sites, and correlate episodes of reproductive activity with climatic
and social variables (Ringler et al., 2009). To date, there have been attempts to study climatic
correlates of breeding in various anurans, and some important insights have been gained. Past
studies have shown that chorus activity and/or movement into breeding sites is influenced by a
suite of environmental variables (Lemckert et al., 2013; Willacy et al., 2015). Studies
specifically investigating the response of male calling activity to climatic variables have shown
that temperature and rainfall strongly influence investment in advertisement (Howard, 1980;
Oseen & Wassersug, 2002; Saenz et al., 2006; Ospina et al., 2013). Additionally, males have
been shown to increase calling activity in response to humidity, barometric pressure and wind,
which have the potential to affect desiccation risk and acoustic properties of calls (Robertson,
1986; Hatano et al., 2002; Hauselberger & Alford, 2005). Some studies have also suggested that
lunar cues predict calling activity, with a common interpretation being that increased
illumination of the moon facilitates antipredatory behaviour and visual signalling (Byrne, 2002;
Grant et al., 2009; Grant et al., 2012). Similarly, various climatic cues have also been shown to
influence the onset of breeding among anurans, however, strong associations have primarily
been demonstrated in explosive breeders where breeding last hours or days (Greenberg &
Tanner, 2004; Miwa, 2007; Hartel, 2008). An early attempt to understand the triggers of
breeding between males and female in a prolonged breeding anurans found that the arrival of
female painted reed frogs (Hyperolius marmoratus) was largely explained by the numbers of
males present within a breeding site, whereas male arrival was predicted by climatic cues
(Henzi et al., 1995). While this study provided one of the earliest reports of sex-specific
responses to climatic and social cues in an anuran, the study was limited to a fraction of the
breeding season, and male attendance was presumed to reflect calling activity, despite the
number of calling males not being measured. More recent investigations have provided
additional evidence that both climatic and social cues affect male breeding behaviours, but these
studies have not considered female reproductive behaviours (Brooke et al., 2000; Llusia et al.,
2013). While social cues (e.g. male mating calls) alone are known to aid in mate localisation,
male-male competition and mate choice (Brzoska & Obert, 1980; Wilczynski & Lynch, 2011),
we still have a very limited understanding of how climatic cues and social cues are integrated
into breeding decisions (but see Murphy, 2003). However a recent field study in the gladiator
frog (Hypsiboas rosenbergi) suggests that males and female may be attuned to multiple,
different cues (Höbel, 2017).
In this study I examine the influence of multiple climatic and social cues on the arrival
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time of each sex and the calling activity of a terrestrial toadlet (Pseudophryne coriacea) over the
course of a breeding season lasting 115 days. The first aim was to test if male calling activity
was predicted by climatic conditions. The second aim was to determine the relative importance
of climatic and social cues on the timing of arrival at the breeding site for each sex. I measured
variation in multiple climatic variables (rainfall, temperature, relative humidity, barometric
pressure, wind and lunar phase) and population-wide male calling activity (on a nightly basis)
over an entire breeding season. I predicted that: i) the arrival of both sexes, and male calling
behaviour, would be tightly associated with climatic conditions (due to influences of these
variables on the physiological state of individuals and constraints on movement behaviour), and
ii) that females would be more strongly attuned to social cues as an outcomes of male toadlets
needing to establish and advertise nest-sites before females can lay eggs.
2.3
2.3.1

METHODS
Study species
Pseudophryne coriacea is a small (24-36 mm snout-vent length) terrestrial toadlet

(Figure 2) that typically inhabits moist sclerophyll forests and low-lying marshy areas of the
east coast and eastern ranges of Australia (Anstis, 2017). Breeding occurs from September to
March (austral Spring to Summer) where aggregations of calling males form around dry
depressions and drainage lines. Males move into breeding sites and excavate shallow cavities
(nests) in moist substrates such as soil, leaf litter and vegetation (White 1993). There, males
broadcast distinct vocalisations (short clicky, squelches repeated every few seconds), likely to
attract females and to deter rival males (Pengilley, 1971). Females oviposit an average of 47
eggs (range 26–78) within nests (O’Brien, D.M., unpublished data). Development is prolonged
and embryos may remain inside the capsule, at an advanced developmental stage (Gosner stage
27-28), for several weeks (Gosner, 1960; Anstis, 2017). Flooding of nest-sites (and resultant
hypoxia) induces hatching of tadpoles that are free-swimming and feeding (Bradford &
Seymour, 1988a). Larval development is confined to small pools, and metamorphosis typically
occurs between 14 – 31 days (O’Brien, D.M., unpublished data), however, development time
varies greatly (Anstis, 2017). Males continue to call from nests after mating, but will
temporarily vacate during periods of flooding (Woodruff, 1977).
2.3.2

Study population
The study was conducted on a natural population of P. coriacea located within the

Jilliby State Conservation Area, New South Wales, Australia (-33.100 S, 151.379 E), over an
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entire Spring/Summer breeding season. The study site consisted of an elongated drainage ditch
(approximately 60 m long and 4–5 m wide) with a ground cover layer of thick leaf litter
(approximately 5 cm), woody debris and loose sandy soil (Figure 3). Surrounding areas feature
a shrub layer of Pteridium esculentum (Bracken), Lomandra longifolia (Spiny-headed Matt
Rush) and Xanthorrhoea macronema (Bottle Brush Grasstree); while canopy species are
dominated by Eucalyptus pilularis (Blackbutt), Allocasuarina littoralis (Black She-oak) and
Corymbia gummifera (Red Bloodwood). P. coriacea was known to breed at this location as this
population had been monitored in previous years (O’Brien, D.M., unpublished data).
Importantly, no additional breeding sites are known to exist within 1-2 km, limiting the
movement of frogs between populations. Annual mean rainfall in the region is 1131 mm, with
an annual mean temperature of 11-24 ᵒC (Bureau of Meteorology, 2015).
2.3.3

Field methods
Preceding the onset of the breeding season, during October 2014 the site was monitored

weekly for the presence of calling males. Following the first detection of a calling male, a
plastic drift fence (measuring 127 m long and 30 cm high) was installed so as to enclose the
entire breeding site. A total of 21 pitfall traps (30 cm diameter, 30 cm depth) were positioned at
intervals of approximately 6m along the fence line to capture all adults entering the breeding
site. Between 20th October 2014 and 12th February 2015, traps were checked at 6am each
morning, totalling 115 continuous traps nights. Following capture, the ventral surface of all
toadlets was photographed for identification (unique ventral markings) and sex determined
(gravid females have greater snout-vent length and an engorged abdomen), before being
released into the breeding site. On each night of the survey period, between the hours of 8pm
and midnight, the breeding site was systemically surveyed for calling males. Advertisement
calls were tracked using a triangulation method to identify a males’ approximate location
(within 5cm). As males call from discrete nests under thick layers of leaf litter, the position of
each calling male was delineated with the use of a reflective planter-tag, visible from the
surface. Males and their nests were not disturbed during call surveys. During the survey period,
a remote solar powered weather station (Digitech XC0348) was installed immediately adjacent
(approximately 20 m) to the breeding site which logged climatic data to a digital base station
every 30 minutes for the entire survey period. The weather station recorded temperature (ᵒC),
relative humidity (%), barometric pressure (hpa), windspeed (km/h), and rainfall (mm).
Information on lunar phase (percent illumination) and days since full moon was obtained from
Sydney Observatory (MAAS, 2015). Various measures (mean, maximum and minimum) of
these climatic variables and periods (time-frames) of measurement are detailed in Section 2.3.4.
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Figure 3. P. coriacea breeding site; A) prior to flooding and B) following flooding. Photo: D.
M. O’Brien.
Mating activity could not be monitored on individual nights as copulation takes place in
cryptic subterranean nests. To limit potential disturbance to males and nests, inspections of nest
contents were only undertaken on two occasions during the breeding season (26th December
2014 and 24th January 2015). Nest inspections were conducted prior to large rainfall events that
flooded the breeding site and led to embryo hatching (Figure 3B). All nests were checked for
eggs, and the total egg count per nest was recorded. Leaf litter within 1 metre of flagged nest
locations was systematically searched to ensure all nests were located. Calling males were not
surveyed for a period of 7 days following nest inspections to allow for resettlement.
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2.3.4

Statistical analysis
To investigate the factors affecting calling activity, as well as female and male arrival at

the breeding site, I ran three separate multiple regression models. Between the three models,
independent variables differed according to the dependent variable being tested (Table 1). For
Model 1, which considered ‘Predictors of male calling activity’, I used mean, maximum and
minimum measures of climatic variables calculated over the period when calling males were
surveyed (20:00 -24:00 hours). For Model 2, which considered ‘Predictors of male arrival’, and
Model 3, which considered ‘Predictors of female arrival’, I used mean, maximum and minimum
measures of climatic variables calculated over the whole night before capture (20:00 – 06:00
hours) and male calling activity. The addition of male calling activity to both Model 2 and
Model 3 ensured that the arrival of males and females were both tested against the same social
cue. Additionally, all models included daytime mean, maximum and minimum measures of
climatic variables (calculated between 06:00 – 21:00 hours i.e. sunrise and sunset), lunar cycle
and days since full moon. Periods after the second nest inspection were excluded due to a lack
of behavioural data, and the potential for disturbance to natural behaviours. All multiple
regression models were run using JMP Pro 13 (SAS Institute, Cary, NC, USA), using
backwards stepwise elimination with significance levels set to P < 0.05. To improve normality,
the number of calling males and the number of male/female arrivals were log transformed. Due
to the abundance of zero values, a small positive constant (0.0001) was added to all data points
prior to transformation (Rocke & Durbin, 2003).
2.3.5

Ethics statement
This work followed protocols approved by the University of Wollongong’s Animal

Ethics Committee (AE14/17) in accordance with the “Australian Code for the Care and Use of
Animals for Scientific Purposes 2013” and was authorized by New South Wales National Parks
& Wildlife Service - Office of Environment and Heritage (SL101436).
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Table 1. Independent variables used in each of the three multiple regression models prior to
backwards stepwise elimination. Day-time variables measured between 06:00 – 21:00 hours.
Early-night variables measured between 20:00 and 24:00 hours. Night-time variables were
measured between 20:00 and 06:00 hours.
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2.4
2.4.1

RESULTS
Variation in climatic conditions

Over the course of the entire study period, daily maximum temperatures ranged from 14.7 –
39.6°C (mean = 26.7°C) and daily minimum temperatures ranged from 12.0 – 26.4°C (mean =
18.6°C) (Table 2 and Figure 4A). A total 318.9 mm of rain was recorded over the study period.
Minor rainfall events (3-10 mm) occurred on a total of 12 days (representing 10% of the sample
days), while major rainfall events (>10 mm) were recorded on 15 days (representing 12.5% of
the sample days) (Table 2 and Figure 4A). The largest rain event of 45.9 mm occurred on 26th
December 2014, following the first inspection of nests on the same day. Variation in climatic
variables recorded over the duration of the study period are provided in Table 2. Overall,
climatic conditions during the study period were fairly typical for the region, with rainfall and
temperatures means being close to the historic averages for the months of October, December
and January. However, my climate data indicated that rainfall recorded during the month of
November and February was below the historic averages (Station: Lake Macquarie Automatic
Weather Station: 061412) (Bureau of Meteorology, 2015) (see Figure 5).
Table 2. Variation in climatic variables over the length of the study period at the P. coriacea
breeding site.

2.4.2

Variation in arrival of breeding adults and breeding activity
In total, 219 males and 152 females entered the breeding site during the 115-day

breeding season. Males began to arrive at the breeding site in small numbers (15 males, 6.8%)
following a rainfall event on the 15th October 2014, with sporadic numbers of males appearing
throughout the first third of the breeding season, prior to the arrival of any females (Figure 4C).
The first arrival of gravid (egg-carrying) females occurred on the 4th December 2014 (46th day
of the breeding season), however, influxes of multiple females mostly occurred during 4
discrete periods, lasting approximately 4 days each (Figure 4D).
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Figure 4. Variation in weather, male calling activity and arrival times of male and female P.
coriacea to the breeding site on each day throughout the breeding season. A) Rainfall (bars),
maximum temperature (dark grey line), minimum temperature (light grey line). B) number of
calling males with arrows indicating timing of nest inspections (7-day period where calling
males were not surveyed). C) number of arriving males. D) number of arriving females.
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The vast majority of males joined the chorus over a 3-week period following the arrival of the
first gravid female. Nest inspections revealed that most breeding took place later in the breeding
season, with 45 nests (20.2%) containing eggs (totalling 2886 embryos) being detected during
the second nest check (on the 97th day of the breeding season), in comparison to 27 nests
(10.8%) containing eggs (totalling 1546 embryos) discovered during the first nest check (on 68th
day of the breeding season). Despite the arrival of a small percentage (15.8%) of females late in
the breeding season (i.e. after the 68th day of breeding season) no breeding occurred due to the
absence of calling males.
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Figure 5. Climatic conditions (total rainfall, maximum temperature and minimum temperature)
recorded over the 2014/2015 study period compared to the historic averages for Cooranbong,
NSW.
2.4.3

Variation in male calling activity
Calling activity varied considerably over the breeding season, with some extended

periods (maximum = 25 days) without any males vocally advertising (Figure 4B). After an
initial spike in calling activity early in the breeding season, calling quickly subsided. The
numbers of males calling within the breeding site peaked on three occasions, with more than 60
males (27.4% of the male population) calling on two consecutive nights. The highest number of
calling males (75 males, 34.2% of the male population) was recorded on 31st January 2015. It
should be noted that calling data was not collected for a period of 7 days after each nest
inspection (26th December 2014 & 24th January 2015) (Figure 4B) as males were resettling
following disturbance and calling activity during this period did not accurately reflect responses
to climatic or social cues. During the breeding season, males constructed and acoustically
advertised from a total of 223 nests.
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2.4.4

Effect of climatic and social factors on breeding activity
Multiple regression analysis revealed a significant effect of six climatic variables on

male calling activity (Model 1) after backward stepwise elimination (F 5, 81 = 30.00, R² = 0.65, P
= < 0.001) (Table 3). Days since rainfall >3 mm, days since rainfall >5 mm, early-night
barometric pressure, days since full moon and lunar phase were negatively related to male
calling activity. Lunar phase, days since rainfall >3 mm and days since rainfall >5 mm
contributed most strongly to the model, providing evidence that with increasing time since a
rainfall event, and with increasing moon illumination, males progressively abandon calling
(Figure 6).
For Model 2, multiple regression analysis (following backward elimination) showed
that male arrival at the breeding site was significantly predicted by three climatic variables (F 3,
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= 9.66, R² = 0.24, P = < 0.001) (Table 3). Days since rainfall >5 mm and days since rainfall

>10 mm were negatively related to male arrival (number of males arriving at the breeding site),
while daytime minimum temperature was positively related to male arrival (Figure 7). Days
since rainfall >5mm contributed most significantly to the model, providing evidence that male
movement into the breeding site is heavily dependent on moderate rainfall events. Of note, male
calling activity was not significantly related to male arrival, providing no evidence that social
cues influence male-movement decisions.
Multiple regression analysis (after backward elimination) revealed a significant effect of
male calling activity and four climatic variables (night-time humidity, day-time barometric
pressure, days since rainfall >3 mm and days since rainfall >5 mm on female arrival at the
breeding site (Model 3) (F 5, 81 = 29.39, R² = 0.64, P = < 0.001) (Table 3). Male calling activity,
night-time humidity and days since rainfall >5 mm was positively related to female arrival,
while day-time relative barometric pressure and days since rainfall >3 mm was negatively
related to female arrival (Figure 8). In this instance, male calling activity accounted for the
majority of the variation in female arrival, while climatic cues explained a relatively limited
amount of the variation in female arrival (Table 3). This suggests that greater numbers of
females move into the breeding site in response to increased numbers of advertising males, in
combination with (though to a much lesser extent) multiple climatic cues (Figure 5).
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Table 3. Results from three backward stepwise multiple regression models showing the
predictors of male calling activity, male arrival and female arrival of P. coriacea at the breeding
site.
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Figure 6. Relationship between the number of calling male P. coriacea per night and A) lunar
phase, B) days since rainfall (>3 mm), C) days since rainfall (>5 mm), D) days since full moon
and E) night-time relative pressure.
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Figure 7. Relationship between the number of arriving male P. coriacea per day and A) days
since rainfall (>5 mm), B) days since rainfall (>10 mm) and C) day-time minimum temperature.
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Figure 8. Relationship between the number of arriving female P. coriacea per day and B) daytime barometric pressure, C) night-time humidity, D) days since rainfall (>5 mm) and E) days
since rainfall (>3 mm).
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2.5

DISCUSSION
Decisions over when to breed, and under what climatic and social conditions, can have

significant consequences for an individual’s reproductive success. Ectothermic organisms are
highly dependent on the external environment to maintain their body temperature and are
therefore particularly sensitive to variation in climatic factors. In systems where breeding occurs
in aggregations, individuals also stand to benefit from monitoring social cues that might signal
optimal breeding periods. While many studies have examined the influence of individual
climatic and social factors on the timing of breeding in ectothermic species, few have sought to
explain how combinations of factors affect sex-specific breeding behaviours, particularly over
extended periods. Here, I investigated the influence of a combination of environmental and
social cues on the reproductive behaviours of males and females in a prolonged breeding
terrestrial toadlet. Over the course of a 115-day breeding season, the intensity of breeding
activity varied considerably for each sex in relation to climatic and social variables. As
expected, I found that the arrival of males at the breeding site, as well as male calling activity,
was strongly influenced by climatic factors alone. By contrast, female arrival was predominately
correlated with social variables, with climatic conditions playing a secondary role. The first
major difference I observed between the sexes was that males generally arrived at the breeding
site before females. Among amphibians, early arrival is thought to provide males with greater
mating opportunities, particularly amongst prolonged breeders where female arrival can be
sporadic (Semlitsch et al., 1993). However, it is also possible that early arriving males
experience less competition for territories, or an increased probability of securing high-quality
nest-sites (Kokko, 1999). My finding that there were fewer nest-sites advertised than males
entering the breeding site indicates that competition for quality nest-sites may have been
intense, which alone might strongly select for earlier arrival by males. Although, the difference
in arrival time between males and females could also reflect the fact that males are more tolerant
of suboptimal climatic conditions during the onset of the breeding season (Francis & Cooke,
1986).
When considering male arrival alone, my analysis indicated that male arrival was
predominately predicted by the number of days since moderate rainfall events (>5 mm
precipitation in 24 hours), as well as the day-time minimum temperature. With greater length of
time since moderate rainfall events, the number of arriving males progressively decreased. The
association between rainfall (or general moisture availability) and breeding activity has been
well reported among amphibians, and is largely attributed to osmoregulatory constraints
(Russell et al., 2005; Todd & Winne, 2006). Because amphibians are particularly susceptible to
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cutaneous evaporative water loss, and consequently dehydration, the availability of
environmental moisture is a critically important factor limiting individual movement behaviour
(Duellman & Trueb, 1986). Moderate rainfall events likely increase the water potential of
terrestrial habitats that toadlets must traverse to reach breeding sites. As the number of days
since moderate rainfall events increased (likely correlating with a loss of moisture from the
terrestrial environment), fewer males moved into the breeding site. Notably, however, not all
males appeared to make decisions in the same way because multiple influxes of males occurred
throughout the breeding season. One explanation for this variation is that superior males arrive
earlier to secure high-quality nest-sites, which they are then capable of successfully defending
for longer periods (Kokko, 1999). Early arrival of males is likely to maximise mating
opportunities and the acquisition of high-quality resources (nests) (Morbey & Ydenberg, 2001).
Inferior males may arrive later in the breeding season and adopt a satellite mating tactic,
whereby they refrain from investing in nest construction and defence, and attempt to intercept
females approaching calling males (Blackwell & Passmore, 1991). Although, investigation of
the genetic mating system of P. coriacea has reported very low levels of multiple paternity,
suggesting that satelliting and sneaking may be uncommon in this species (see Chapter 3). My
findings are in line with those of past studies of amphibian movement behaviour which suggest
that males are physiologically restricted to travelling when conditions are unlikely to cause
rapid water loss and desiccation (Dervo et al., 2016). Importantly, however, male arrival was
also predicted by day-time minimum temperatures, suggesting that warmer temperatures
facilitate movement, allowing greater numbers of males to approach the breeding site. As
ectotherms, frogs are strongly dependent on environmental temperatures to maintain internal
body temperatures (Pough, 1980). Given that males arrive earlier in the breeding season than
females, when temperatures are cooler, males may respond more readily to smaller changes in
temperature, at least above a certain threshold. Similar patterns indicative of temperaturedependent movement behaviour have been reported in other amphibian species where males are
unable to accurately predict the arrival of females (Douglas, 1979; Semlitsch et al., 1993). For
example, in the Winter breeding common toad (Bufo bufo), the initiation of male arrival
depends on a minimum temperature rising above a certain threshold early in the breeding
season, prior to female arrival (Reading, 1998). Once conditions surpass a tolerable threshold,
males may be more sensitive to changes in precipitation and temperature because such
responses increase the number of encounters with females, particularly in high density breeding
aggregations (Douglas, 1979), such as those I report in P. coriacea.
In addition to strong effects of time since rainfall on male chorus arrival, I found that
male investment in calling activity was predicted by precipitation. Specifically, I found that the
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number of calling males was highest immediately following light (>3 mm in 24 hours) to
moderate (>5 mm in 24 hours) rainfall events. As for movement behaviour, male acoustic
advertisement is likely to be constrained by moisture availability due to the energetic costs of
activity (prolonged displays). Greater investment in calling has been shown to increase
metabolic oxygen consumption (Voituron et al., 2012), which is likely to accelerate water loss
through evaporation and respiration (Shoemaker & Nagy, 1977). Given that amphibians have
little resistance to water loss, individuals must adopt behavioural strategies to reduce the risk of
desiccation (Wells, 2010). When faced with conditions that increase the risk of desiccation,
anurans often limit physical activity, or seek out sources of water to maintain an optimal
hydration state. Studies assessing the effect of dehydration on physical performance in frogs
have shown that water loss significantly impairs performance capabilities (Preest & Pough,
1989; Rogowitz et al., 1999). Therefore, male P. coriacea may suspend calling during periods
where substrate moisture conditions are suboptimal, and water loss is accelerated. Given that P.
coriacea call from ephemeral depressions (lacking free water), which are typically some
distance from permanent sources of water, males are likely to be heavily reliant of regular
rainfall events to avoid osmotic stress. In the brown toadlet (P. bibronii), a closely related sister
species which also has protracted breeding, males have been shown to increase calling effort in
response to artificial wetting of calling environments (Mitchell, 2001). In this case, stronger
investment in calling activity was directly attributed to the decreased risk of desiccation linked
to changes in soil water potential. I suggest that similar physiological constraints on
advertisement may explain the association between calling and precipitation observed in P.
coriacea.
In combination with precipitation, male calling activity was strongly influenced by
barometric pressure and the lunar cycle. Given that lower barometric pressure is often
associated with rainfall, males may use barometric pressure to predict conditions that are
suitable for breeding. Several other studies of calling in anurans have reported that male calling
activity increases in response to drops in barometric pressure (Brooke et al., 2000; Oseen &
Wassersug, 2002). Additionally, the number of nights since the full moon, and the illumination
of the moon, both positively affected calling activity in P. coriacea. Behavioural responses to
the moon are not uncommon among amphibians, however, explanations for this association
remain speculative (Grant et al., 2012). Increased ambient light is hypothesized to provide
greater visibility which may assist in predator detection (Tuttle & Ryan, 1982; Onorati &
Vignoli, 2017). However, male P. coriacea advertise from discrete positions under thick layers
of leaf litter and are unlikely to use visual cues to detect and evade potential predators. The
other main hypothesis for lunar effects on amphibians relates to temporal synchronisation of
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breeding (Grant et al., 2009). Supporting evidence would require a synchronous behavioural
response by both males and females. I recorded that male P. coriacea calling activity increased
in response to illumination of the moon and lunar phase, however, the number of females
arriving at the breeding site was not attributed to the lunar cycle. As such, the effect of lunar
phase on male calling behaviour remains unexplained for P. coriacea. Nevertheless, this species
offers a unique opportunity to explore the influence the lunar cycle on calling activity in species
where males are unlikely to rely on ambient light for breeding or predator avoidance.
As predicted, the arrival of female P. coriacea at the breeding site was closely
associated with male calling activity, while environmental variables had a much weaker
influence. Among anuran amphibians there are a number of reasons why calling activity may be
critically important to females. First, females may be directly responding to the number of
calling males (rather than environmental factors) as greater calling activity signals increased
mate availability (Gerhardt & Klump, 1988; Schwartz, 1994). Larger aggregations of potential
mates present females with a greater opportunity to exercise mate choice, and, in turn, an
increased probability of securing a high-quality sire (or nest-site) (Welch, 2003; Forsman &
Hagman, 2006). In P. coriacea, I have previously shown that females display strong mating
preferences (see Chapter 4 and 5), so mate choice may be critical for female fitness. Second,
among anurans, advertisement calls have previously been shown to significantly increase female
plasma estrogen levels, which leads to increased receptivity and willingness to mate
(Wilczynski & Lynch, 2011). Furthermore, in response to male calling activity, females may be
under increasing pressure to mate if calling stimulates ovulation, which has been demonstrated
in various species (Wilczynski & Lynch, 2011). Prolonging mating in these circumstances may
result in eggs remaining unfertilised, or worse still, females experiencing dystocia (egg bound)
and dying. Such costs are likely to favour females that mate relatively quickly after entering a
chorus. Third, social cues, rather than environmental cues, may provide females with a more
accurate indication of the breeding site conditions. For terrestrial breeding anuran species such
as Pseudophryne, breeding is likely to be linked to rainfall events that hydrate soils and leaf
litter in which eggs are deposited. Because amphibian eggs lack a calcified outer-shell, the
hydration state of embryos is often reliant on the water potential of surrounding substrates
(Duellman & Trueb, 1986; Bradford & Seymour, 1988b). Therefore, for females, there are
inherent risks associated with approaching the breeding site during unfavourable conditions. If
conditions are too dry, for example, females may deplete energy or fluid reserves, and expose
themselves to a heightened risk of desiccation and/or predation. Therefore, if females are able to
use social cues to determine microhabitat conditions within the breeding site prior to entering
the site, they may be able to significantly reduce the costs of breeding (Littlejohn, 1977;
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Mitchell, 2001). In addition to social cues, however, I also found some evidence that females
approached the breeding site in response to climatic cues. Female arrival was influenced by
barometric pressure, rainfall (days since light/moderate rainfall events) and humidity, which can
all be related to moisture availability. The combination of low barometric pressure and
increased humidity often leads to water condensing into droplets which results in precipitation.
If high moisture availability within terrestrial habitats reduces the risk of desiccation to adults
and embryos, females may use various climatic cues to determine the optimal time for breeding,
at least once males have established nests, and begun advertising potential breeding sites. In
support of this, detailed behavioural observation of three species of Pseudophryne have
indicated that females never arrive at breeding sites until males have commenced calling, and
the ground is sufficiently moist for egg laying (Woodruff, 1976).
Among anuran amphibians, it is not uncommon for male and females to respond
asynchronously to environmental and social cues, though the underlying cause remains unclear.
My findings show that both male and female P. coriacea are dependent on environmental cues,
yet female breeding activity (i.e. movement into the breeding site) is primarily triggered by
social cues. Sex-specific differences in chorus arrival have been reported in tungara frogs
(Physalaemus pustulosus), however, in this species females were more responsive to changes in
climatic conditions (specifically rainfall) than males (Marsh, 2000). Similarly, in painted reed
frogs (Hyperolius marmoratus) female arrival at breeding sites was predicted by different
climatic cues to those predicting male arrival (Henzi et al., 1995), however, the strongest
predictor of female attendance was the number of males present within the breeding site. In this
case, female preference for large choruses was suggested to increase their opportunity for mate
choice. Interestingly, however, Höbel (2017) presented an alternate explanation, after finding
that female gladiator frogs (Hypsiboas rosenbergi) were more strongly attuned to social cues
than males. Specifically, it was argued that the strength of the chorus may provide an
inadvertent social cue to females that indicates not only the presence of males but the suitability
of the abiotic conditions necessary for breeding. Among Pseudophryne spp., substrate moisture
within nests has been shown to increase the calling potential of males (Mitchell, 2001).
Therefore, females may be able to use social cues as an indicator of substrate moisture
conditions within the breeding site. For female P. coriacea, this information is likely to be
critically important to successful reproduction as incorrect timing of breeding could result in
eggs being released without a male present (and eggs remaining unfertilised), or eggs being
deposited in a nest with suboptimal moisture conditions (and desiccating, hatching prematurely,
or failing to hatch). Such issues have previously been reported in the brown toadlet (P. bibronii)
(Byrne & Keogh, 2009). Future work should aim to investigate the importance of breeding site
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conditions (nest moisture) and calling activity in relation to female choice (see Chapter 4).
For many species, it is well known that reproductive success can be improved by
responding to environment and social cues that synchronise breeding activity with the opposite
sex (Ims, 1990; Ball & Ketterson, 2007). The influence of various climatic cues on the timing of
reproduction has been well demonstrated (Henzi et al., 1995; Oseen & Wassersug, 2002; Dunn,
2004; Todd & Winne, 2006). Furthermore, we now have a thorough understanding of how
social cues facilitate male-male competition and sexual display (Gerhardt & Huber, 2002; Wells
& Schwartz, 2007). However, the combined influence of these cues on the coordination of
breeding has received little attention. My study is one of the first to test for behavioural
differences among males and females in response to multiple climatic and social cues in a
prolonged breeding species (but see Höbel, 2017). While reproductive asynchrony is not
uncommon, my study was able to demonstrate the relative importance of multiple
environmental and social factors on sex-specific breeding patterns. My finding that males
arrived at the breeding site earlier than females, in response to climatic cues alone (rainfall and
temperature), demonstrates that the abiotic conditions of the breeding site are likely to be
important trigger for breeding, rather than the presence of conspecific males (Brooke et al.,
2000). Driven by the need to secure breeding resources and to increase mating opportunities
with females, males can use climatic cues rather than social cues to initiate breeding activity
when conditions are conducive for reproduction. However, the relative importance of these cues
among males is likely to differ depending on the type of breeding environment. For example, in
non-tropical rodents, climatic factors can define a broader reproductive season, however, social
factors play a more prominent role in stimulating reproduction in the presence of conspecifics
(Demas & Nelson, 1998). Differences in the relative importance of social and environmental
cues may be explained by environment heterogeneity or the reliability of climatic cues. When
considering female breeding activity, there is increasing evidence that social cues are of
considerable importance, largely because male sexual display can stimulate ovary development,
advancing the onset of breeding (Watts et al., 2016). Additionally, social cues are known to be
important to females to inform individuals about the location and number of potential mates
(Swanson et al., 2007). However, my results draw attention to an alternate hypothesis: that
females use social cues to determine breeding site conditions. If the quality or intensity of male
calling is reflective of micro-environmental conditions at the breeding site (e.g. nest-site soil
moisture), females may be able to exploit this information without having to assess abiotic
conditions directly. In doing so, females would reduce costs associated with inspecting the
breeding site. Such female strategies have been observed in barn swallows, where females
assess the number of undamaged nest-sites to assess predation risk (Ringhofer & Hasegawa,
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2014). Such use of social cues may assist with nest-site selection and reduce the risk of breeding
in suboptimal locations, or at suboptimal times. To further examine the potential for this
reproductive strategy in P. coriacea, it would be necessary to test how male calling activity
responds to changes in substrate water potentials under controlled conditions. Detailed
observations of courtship and mating behaviours would also be valuable (Hoskin, 2004;
Stückler et al., 2019).
In conclusion, this study aimed to investigate the relative importance of multiple
climatic and social cues on male and female breeding activity in a prolonged breeding anuran.
Male arrival and calling activity were strongly predicted by several climatic variables, with
rainfall being the most influential. Male responsiveness to climatic cues is likely to benefit
individuals by increasing their potential to secure a nest-site early in the breeding season, which
would maximise mating opportunities. In contrast to males, female movement into the breeding
site was more strongly predicted by social cues rather than environmental cues. I propose that
male social cues provide long-range information about the breeding site to females, which may
reduce breeding costs. Overall, these findings provide new evidence that combinations of
multiple climatic and social cues can influence breeding decisions, and that sensitivity to these
cues can be sex-specific.
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CHAPTER 3:
THE UNEXPECTED GENETIC MATING SYSTEM OF
THE RED-BACKED TOADLET (PSEUDOPHRYNE
CORIACEA): A SPECIES WITH PROLONGED
TERRESTRIAL BREEDING AND CRYPTIC
REPRODUCTIVE BEHAVIOUR

_____________________________________________________
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3.1

ABSTRACT

Molecular technologies have revolutionised our classification of animal mating systems, yet we
still know very little about the genetic mating systems of many vertebrate groups. It is widely
believed that anuran amphibians have the highest reproductive diversity of all vertebrates, yet
genetic mating systems have been studied in less than one percent of all described species. Here,
I use SNPs to quantify the genetic mating system of the terrestrial breeding red-backed toadlet
Pseudophryne coriacea. In this species, breeding is prolonged (approximately 5 months), and
males construct subterranean nests in which females deposit eggs. I predicted that females
would display extreme sequential polyandry because this mating system has been reported in a
closely related species (P. bibronii). Parentage analysis revealed that mating success was
heavily skewed towards a subset of males (30.6% of potential sires), and that nearly all females
(92.6%) mated with one male. In a high percentage of occupied nests (37.1%) the resident male
was not the genetic sire, and very few nests (4.3%) contained clutches with multiple paternity.
Unexpectedly, these results show that sequential polyandry is rare. They also show that there is
a high frequency of nest takeover and extreme competition between males for nest-sites, but that
males rarely sneak matings. Genetic analysis also revealed introgressive hybridisation between
P. coriacea and the red-crowned toadlet (P. australis). This study demonstrates a high level of
mating system complexity and it shows that closely related anurans can vary dramatically in
their genetic mating system.
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3.2

INTRODUCTION

Knowledge of mating systems is important for understanding mechanisms of sexual selection
and the evolution of reproductive strategies (Emlen & Oring, 1977; Avise et al., 2002;
MacManes, 2013). Historically, our understanding of animal mating systems has been based on
behavioural observation, with classification of mating systems broadly defined according to the
number of mates acquired by each sex (i.e. social mating systems). While this approach has
provided fundamental insights into intra- and inter-specific variation in reproductive strategies,
social mating systems can be extremely misleading (Hughes, 1998). Behavioural observations
will only yield accurate estimates of sex-specific differences in mating frequency if individuals
can be continuously monitored, and copulations easily observed. While this might be possible in
species with discrete breeding events and conspicuous copulation, it is near impossible in
species with prolonged breeding seasons, large home ranges and/or cryptic mating behaviour.
Moreover, in systems where females mate with multiple males, post-copulatory processes such
as sperm competition (Parker, 1970; Simmons, 2001) and cryptic female choice (Eberhard,
1996) can result in fertilisation biases that preclude the reliable assignment of paternity through
observation alone (Birkhead, 1998; Pizzari & Wedell, 2013).
Over the past two decades, rapid advances in molecular technologies have
revolutionised our classification of animal mating systems by enabling extremely accurate
assignment of parentage to offspring (Avise, 1994; Kaiser et al., 2017). The capacity to
unambiguously determine the mating success of every individual in a population has unveiled a
complex and diverse array of reproductive strategies (Hughes, 1998; MacManes, 2013). Studies
of vertebrates in particular have revealed startling discrepancies between social and genetic
mating systems (Gagneux et al., 1999; DeWoody & Avise, 2001; Garant et al., 2001; Griffith et
al., 2002; Uller & Olsson, 2008). Many species long considered to be monogamous have been
revealed to be highly promiscuous, with females actively seeking extra-pair copulations
(Griffith et al., 2002). In addition, a diversity of alternative mating tactics have been uncovered,
with competitively-inferior males gaining surprisingly high levels of mating success through
behaviours such as female mimicry, forced copulation, satelliting and sneaking (Neff &
Svensson, 2013). Despite knowledge of vertebrate mating systems increasing exponentially over
the past decade, most genetic work has focussed on birds and mammals (Coleman & Jones,
2011; Dawson et al., 2013). Therefore, we still know comparatively very little about the genetic
mating systems of ectothermic vertebrates (Garant et al., 2001).
Anuran amphibians (frogs and toads) have long been a model group for studies of
sexual selection and reproductive strategies, and behavioural observations have indicated that
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anurans display the greatest reproductive diversity of all tetrapods (Duellman & Trueb, 1986).
Surprisingly, however, there remains very little known about anuran genetic mating systems. To
date, genetic analyses of mating systems have been made for less than twenty species,
representing less than one percent of all described species. Nevertheless, considerable diversity
has already been uncovered, with reports of mating systems ranging from extreme monogamy
and polygyny, to extreme polyandry and polygynandry (Laurila & Seppä, 1998; Lodé &
Lesbarrères, 2004; Byrne & Keogh, 2009; Knopp & Merilä, 2009; Brown et al., 2010; Ringler
et al., 2012; Cheng et al., 2013; Wang et al., 2014). Critically, however, the vast majority of
these studies have only considered a fraction of a species’ breeding season, or sampled a very
small subset of breeding individuals and offspring. Few studies have undertaken exhaustive
sampling and determined patterns of parentage for entire breeding populations, particularly for
prolonged breeding species (but see Ursprung et al., 2011; Mangold et al., 2015). The lack of
comprehensive genetic analyses of parentage in prolonged breeding species, which constitute a
large fraction of all anurans (Wells, 2001), means we still have a very superficial understanding
of anuran mating system variation and reproductive ecology.
One group of prolonged breeding anurans that provide an excellent opportunity to
investigate genetic mating systems are terrestrial toadlets from the genus Pseudophryne
(Myobatrachidae). The genus is comprised of 14 species with natural- and life-history traits
highly amenable to exhaustive sampling. Specifically, toadlets are characterised by non-aquatic
egg deposition, small clutch sizes (typically < 100 eggs) (Anstis, 2017) and extreme breedingsite fidelity (Heap et al., 2014). Males excavate small, concealed chambers in loose soil or leaf
litter and use a combination of calls and chemosignals to attract females (Byrne & Keogh,
2007). Mating takes place in nests, and males remain with the eggs until the nest floods and
hypoxia triggers hatching. An early study of the breeding biology of three species of
Pseudophryne (P. bibronii, P. dendyi, P. semimarmorata) suggested that females routinely
divide their egg clutches between the nests of multiple males. This was based on the observation
that clutch sizes in nests were highly variable and often a fraction of the size of clutches held by
unmated gravid females (revealed through dissection) (Woodruff, 1976). More recently, a study
of the genetic mating system of the brown toadlet P. bibronii confirmed that females do indeed
mate with multiple males. Using microsatellites to assign parentage to offspring, Byrne and
Keogh (2009) revealed that all females were polyandrous, dividing their eggs between the nests
of two to eight males. To date, this remains the most extreme level of sequential polyandry
reported in a vertebrate. Moreover, the study provided evidence that polyandry is adaptive
because it increases female fitness by acting as an insurance against clutch loss resulting from
the desiccation of embryos or larvae (as an outcome of nests having suboptimal moisture levels,
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flooding too early, or failing to flood; Byrne and Keogh, 2009). Notably, P. bibronii breeds
during Autumn and Winter, while most Pseudophryne spp. breed in Summer (Anstis, 2017).
Assuming that the risk of clutch desiccation will be even higher in Summer due to higher
temperatures and evaporation rates, I predicted that sequential polyandry would be widespread
in Pseudophryne, and for Summer breeders may be even more extreme than previously reported
for P. bibronii.
In the present study, I quantify the genetic mating system of a natural population of redbacked toadlets (P. coriacea) using exhaustive sampling techniques over an entire
Spring/Summer breeding season. To determine the mating success of individuals and the
reproductive strategies of each sex, I used single nucleotide polymorphisms (SNPs) to conduct
parentage analysis.
3.3

METHODS

3.3.1

Study species

The red-backed toadlet (P. coriacea) is a small (24-36 mm) terrestrial toadlet (Figure 2)
inhabiting the east coast and ranges of Australia. The species typically prefers sclerophyll forest
and low-lying marshy areas (Cogger, 2014), and breeds from November through to March
(austral Spring to Summer) in ephemeral pools and water courses which periodically fill
following Summer rainfall (Anstis, 2017). Gravid females produce an average of 47 eggs (range
26 – 78) (O’Brien, D.M., unpublished data), and hatching occurs approximately 14 days postfertilisation (Anstis, 2017). Metamorphosis can occur after a minimum larval duration of 46
days with some individuals taking up to 112 days (O’Brien, D.M., unpublished data).
3.3.2

Study population

The study was conducted on a natural population of P. coriacea (adult population size = 371)
located within the Jilliby State Conservation Area, New South Wales, Australia (-33.100 S,
151.379 E) over an entire Spring/Summer breeding season. The breeding site consisted of an
ephemeral breeding pond (approximately 60 m long and 4-5 m wide) located along a ridgeline
(Figure 3). The study area was situated in moist, open eucalypt forest with soils dominated by
lithosols and siliceous sands. Vegetation within the study area was dominated by Eucalyptus
pilularis (Blackbutt) and Allocasuarina littoralis (Black She-oak) with a sparse ground cover
containing Pteridium esculentum (Bracken) and Lomandra longifolia (Spiny-headed Matt
Rush).
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3.3.3

Field methods

Prior to the start of the breeding season the breeding site was enclosed with a drift fence and pitfall traps. The 127 m long and 30 cm high fence encircled the site with 21 plastic pit-fall traps
(diameter: 30 cm; depth: 30 cm) positioned approximately every 6 m along the fence line. Traps
were checked every morning from 20 October 2014 to 12 February 2015 (115 continuous trap
nights). Toadlets were captured entering the breeding site as they moved in from surrounding
bushland and were then toe-clipped, measured, photographed and released inside the enclosure.
If individuals were caught again, they were released back inside the enclosure, and if they were
caught a third time they were released outside the enclosure, with this sequence repeated over
any subsequent recaptures. This approach was taken to ensure that frogs were given the
opportunity to move in and out of the breeding site to avoid a situation where density was
artificially inflated. Each night during the study period, males advertising from nests were
located by tracking their calls, and nest-sites were flagged on the surface using a unique marker
(labelled plastic planter tag). During the study period there were two significant rain events that
corresponded with peaks in female arrival and breeding activity, hereafter referred to as
‘breeding event 1’ and ‘breeding event 2’. Breeding event 1 occurred between 19 October and
26 December 2014, and breeding event 2 occurred between 27 December 2014 and 24 January
2015. Nests were checked for eggs and resident adults during each event after breeding activity
had subsided. To ensure no nests were missed, leaf litter in a two-metre squared area around
each male was systematically searched.
Resident males were weighed and photographed for identification and 15% of tadpoles
per clutch were sampled. Within nests, embryos of different developmental stages were
considered to belong to different clutches and were sampled equally. Embryos were reared in
plastic containers at a field station until larvae reached a late developmental stage (Gosner stage
27-28), at which point hatching was induced via flooding, and tadpoles preserved in 75%
ethanol in Eppendorf tubes.
3.3.4

Parentage analysis

To assign parentage to offspring, and determine mating success for both sexes, I genotyped all
males and females that entered the breeding site, and 15% of all offspring with a large SNP
(single-nucleotide polymorphism) dataset. Tissue samples (adult toe-clips and the tails of
sampled tadpoles) were sent to the commercial genotyping service of Diversity Arrays
Technology that have developed a widely used genotyping technique called DArTseq™.
DArTseq™ represents a combination of DArT complexity reduction methods and next
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generation sequencing platforms (Kilian et al., 2012; Courtois et al., 2013; Cruz et al., 2013;
Raman et al., 2014). The background and process has been outlined in detail in a previous study
(Head et al., 2017) and I followed the same process for the generation of my SNP data set (also
see Booksmythe et al., 2016).
I obtained a data set of approximately 15,746 SNPs with an average call rate of 90.0%
and a reproducibility of 98.8%. From these SNPs I calculated a Hamming Distance Matrix of all
869 successfully genotyped individuals to determine paternity and maternity. Recent studies
show that as few as 30 optimized SNPs are sufficient to differentiate among 100,000 individuals
using Hamming Distance Values (HDV) (Hu et al., 2015). Each offspring was lined up against
the other offspring in the same clutch and also every potential sire and dam, and Hamming
Distance Values (HDV) compared. The HDV are a measure of genetic dissimilarity across the
full SNP data set. For my data set, HDV for siblings and parents and offspring ranged from
approximately 0.06 - 0.13, whereas unrelated animals had HDVs that ranged from
approximately 0.14 - 0.19. Comparing values within clutches confirmed that the clutches
comprised either full siblings or a mix of half siblings, full siblings or non-siblings from
separate mating events. Half-siblings had intermediate HDV values. In a few clutches the HDV
values were slightly higher for parent-offspring and sibling-sibling relationships because one of
the parents was a hybrid. I compared HDV for every offspring and every potential dam and sire
separately. For most clutches I had detailed information on the potential sires that had occupied
a particular nest-site and I also had this information for many potential dams, which provided us
a means of testing the accuracy of my paternity assignments. In almost every case there was a
single clear best match for both sire and dam based on the HDV (i.e. parentage could be
unambiguously assigned). The only exception was for two offspring from the same nest where
there were several potential sires. In this case, paternity was assigned to the male that was
closest to the nest and was also present during the breeding event. It was clear from the SNP
data that the sire or dam for some offspring had not been sampled because no potential sire or
dam had HDVs in line with these relationships.
3.3.5

Statistical analyses

Shapiro-Wilk tests were used to determine whether the body size distributions of males and
females (measured as body mass and snout-vent length) deviated from normality. Wilcoxon
signed-rank tests were used to test for differences in the body size (mass and SVL) of: i) mated
and unmated males, ii) single-mated males and polygynous males, and iii) mated and unmated
females.
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3.3.6

Ethics statement

This work followed protocols approved by the University of Wollongong’s Animal Ethics
Committee (AE14/17) in accordance with the “Australian Code for the Care and Use of
Animals for Scientific Purposes 2013”; and was authorised by New South Wales National Parks
& Wildlife Service - Office of Environment and Heritage (SL101436).
3.4
3.4.1

RESULTS
Population size, sex ratio, and body size variation

Over the 115-day study period a total of 371 adult frogs were captured, with the population
displaying a slightly male-biased adult sex ratio (59% males: 219 males, 152 females). The
average adult male body length was 29.8 mm (range = 27 to 33 mm), and the average male body
weight was 2.4 g (range = 1.8 to 3.1 g). Distributions of both male body weight and SVL
deviated significantly from normality (Shapiro-Wilk test, body weight: W = 0.98, P < 0.01;
SVL: W = 0.93, P < 0.01, Figure 9 and 10). The average adult female body length was 33.2 mm
(range = 29 to 37 mm), and the average adult female weight was 3.7 g (range = 2.4 to 6.0
g). Distributions of both female body weight and SVL deviated significantly from normality
(Shapiro-Wilk test, body weight: W = 0.98, P < 0.01; SVL: W = 0.95, P < 0.01, Figure 9 and
Figure 10).

Figure 9. Graph showing the distribution of snout-vent length in millimetres for male and
female P. coriacea (n = 219 males and 152 females).
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Figure 10. Graph showing the distribution of mass in grams for male and female P. coriacea (n
= 219 males and 152 females).
3.4.2

Parentage analysis

DNA extraction was successful for 99.2% of all adult frogs and tadpoles. Paternity was assigned
to 30.6% of adult males (67/219), and maternity was assigned to 53.3% of adult females
(81/152). Of the 505 offspring that were collected and genotyped, 89.9% (454/505) were
assigned to both a sire and dam, 1.4% (7/505) were assigned to a dam but not a sire, and 8.7%
(44/505) were assigned to a sire but not a dam.
Approximately 6% of P. coriacea adults (23/371) were hybrid individuals between P.
coriacea and the closely related congener P. australis. Classification of hybrids was based on
both genetic data (hamming distance value >0.23 when compared to population mean) and
morphological characteristics (resemblance of a red crown specific to P. australis) (Figure 11).
Of the male hybrids (N = 11), two individuals gained mating success. Of the female hybrids (N
= 12), four individuals gained mating success.
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Figure 11. Photos of a) a pure species P. coriacea, b) a P. coriacea - australis hybrid, and c) a
pure species P. australis. Photo: D. M. O’Brien.
3.4.3

Patterns of paternity

During breeding events 1 and 2, males constructed a total of 113 and 110 nests respectively. Of
the 219 males present at the study site, 180 (82.2%) were present in breeding event 1, and 203
(92.7%) were present in breeding event 2. A total of 164 males (74.9%) were present across
both breeding events. In breeding event 1, 23.9% of nests (27/113) contained eggs. In these
nests, the number of eggs present was highly variable (range = 18 to 127, mean ± SEM = 57.25
± 5.56, N = 27), and the distribution of eggs across nests deviated significantly from normality
(Shapiro-Wilk test; W = 0.9095, P = 0.0223, N = 27). Of the 27 nests containing eggs, two nests
(N9 and N92) could not be tested for paternity because the eggs were covered in fungus and
decomposing. Of the 25 nests where paternity was tested, the identity of the sire was determined
in 96.4% of cases (27/28 sires), with paternity assigned to 27 males (Table 4).
In most nests (76.0%, 19/25) a resident male was present, and in one nest (N23) three
males were present. Of the nests where resident males were present, the resident male was the
genetically deduced sire in 57.9% of nests (11/19). In the remaining 42.1% of nests (8/19)
(which included the nest containing three males), resident males accompanied offspring that
they did not sire, indicating that nest take-over had occurred.
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Table 4. Details of parentage assignment in P. coriacea for breeding event 1. Detailed for each
nest where eggs were found are the identities of the resident male(s) found accompanying eggs,
the genetically deduced sire(s) of offspring, the genetically deduced dam(s) of offspring, the
location/nest of the sire (if captured) and the distance of sire from offspring.

Notes. Unknown: offspring could not be genotyped; Unmatched: identity of male/female could not be matched to a
sampled adult.
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Table 5. Details of parentage assignment in P. coriacea for breeding event 2. Detailed for each
nest where eggs were found are the identities resident male(s) found accompanying eggs, the
genetically deduced sire(s) of offspring, the genetically deduced dam(s) of offspring, the
location/nest of the sire (if captured) and the distance of sire from offspring.
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(Continues)

(Continued)

Notes. †: hybrid individual; Unmatched: identity of male/female could not be matched to a sampled adult.

A subset of non-attendant genetically deduced sires were captured defending nests
between 0.1 and 8 m from the nest where they sired offspring. One of these males (male 149)
had sired a second clutch of eggs (providing evidence for polygyny across nests). Overall,
64.0% of nests with eggs (16/25) had offspring produced by a single male and single, 20.0% of
nests (5/25) contained offspring produced by a single male and multiple females (providing
evidence for polygyny within nests), and 12.0% of nests (3/25) contained offspring produced by
multiple males and females (providing evidence for nest takeover as well as repeated nest use
by different pairs) (Figure 12). In addition, one nest (N14) contained offspring produced by two
males and a single female, providing evidence for multiple paternity (Figure 12). Of
note, because one of these sires (male 149) was the resident male, and because this male also
gained mating success at a second nest in breeding event 1, as well as a third nest in breeding
event 2 (see Table 4 and Table 5), it is likely that multiple paternity was the outcome of the
second sire (male 145) sneaking fertilisations.
In breeding event 2, 40.9% of nests (45/110 nests) contained eggs. Similar to breeding
event 1, the number of eggs laid in a nest was highly variable (range = 15 to 206, mean ± SEM
= 64.1 ± 5.16), and the distribution of eggs across nests deviated significantly from normality
(Shapiro-Wilk test; W = 0.7948, P = 0.001, N = 45 nests). Of the 45 nests with eggs, the identity
of the sire was determined in all cases, with paternity assigned to 50 males. Of note, 20.0% of
males (10/50) that sired offspring in breeding event 2 also sired offspring in breeding event 1,
providing evidence for polygyny across nests.
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Resident males were present in most nests (82.2%, 37/45), and of the nests where
resident males were present, the resident was confirmed to be the genetic sire in 62.2% of cases
(23/37). In the remaining 37.8% of nests (14/37), resident males accompanied offspring that
they did not sire, indicating that nest take-over had occurred (Table 5). A subset (7/20) of the
non-attendant genetically deduced sires were captured defending nests located between 0.5 and
25 meters away from their original nest-site. One of these males (male 344) was also successful
in siring offspring in a second nest (providing further evidence for polygyny across nests).
Overall, 71.1% of nests (32/45) had offspring produced by a single male and single
female (Table 5), 17.8% of nests (8/45) contained offspring produced by a single male and
multiple females (providing evidence for polygyny within nests), 8.9% of nests (4/45) contained
offspring produced by multiple sires and multiple dams (providing evidence for nest takeover
and repeated nest use by different pairs) and 4.4% nests (2/45) (N16 & N20a) contained
offspring sired by multiple males and a single female (evidence for multiple paternity).
Across both breeding events, there was no significant difference between the body size
of mated and unmated males, measured as either body weight (mated males: mean ± SEM =
2.42 g ± 0.03, N = 67, unmated males: mean ± SEM = 2.43 g ± 0.02, N = 152) (Wilcoxon test, Z
= 0.02, P = 0.98), or snout-vent length (mated males: mean ± SEM = 29.9 mm ± 0.15, N = 67,
unmated males: mean ± SEM = 29.8 mm ± 0.09, N = 152) (Wilcoxon test, Z = 1.29, P = 0.20).
There was also no significant difference between the body size of males that mated with
one female versus males that mated with multiple females, when body size was measured as
either body weight (single mated males: mean ± SEM = 2.39 g ± 0.04, N = 45, polygynous
males: mean ± SEM = 2.48 g ± 0.06, N = 22) (Wilcoxon test, Z = 0.99, P = 0.32), or snout-vent
length (single mated males: mean ± SEM = 29.8 mm ± 0.19, N = 45, polygynous males: mean ±
SEM = 30.1 mm ± 0.21, N = 22) (Wilcoxon test, Z = 1.09, P = 0.27).
3.4.4

Patterns of maternity

Of the 152 females present at the study site, 51 (33.6%) were present in breeding event 1, and
139 (91.4%) were present in breeding event 2. A total of 38 females (25%) were present across
both breeding events. In breeding event 1, 64.0% of the nests containing eggs (16/25) had
offspring that were assigned to a single dam (and sire), indicating that the nests were only used
by one female. An additional nest (N14) also contained offspring belonging to a single female,
however, two males were shown to share paternity (providing evidence for simultaneous
polyandry). In 32.0% of nests (8/25), offspring were assigned to multiple females (2-3
individuals), indicating that multiple females had used the same nest-site. In 62.5% of these
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nests (5/8), offspring were assigned to multiple females and a single sire, providing evidence
that different females mated sequentially with the same male. In the remaining 37.5% of nests
(3/8), the offspring of different females were each sired by different males, indicating that
multiple females mated sequentially with the resident of a nest-site, despite changes in male
ownership of the nest (i.e. several bouts of nest take-over).
Of the 25 nests containing eggs, mating was assigned to 32 females (Table 4). Of these
females, all but one could be identified (matched to a sampled female). Overall, 96.9% of
identified females (31/32) mated with a single male. Almost all of these females (30/32) mated
with a single male in one nest, but one female (female 92) mated with the same male in two
separate nests (approximately 2 m apart), providing evidence for clutch partitioning. Only one
female (female 109) mated with multiple males (males 26 & 224) within the same nest,
providing evidence for simultaneous polyandry.
In breeding event 2, 73.3% of nests containing eggs (33/45) were assigned to a single
mother (and father). In 24.4% of nests with eggs (11/45), offspring were assigned to 2-4
females, suggesting that several females sequentially used the same nest-site. Due to nest takeover by males, 40.0% of those nests (4/10) contained offspring produced by multiple dams and
multiple sires. In 4.4% of nests (2/45), multiple males sired offspring produced by a single
female, providing evidence for simultaneous polyandry. Of the 45 nests containing eggs,
maternity was assigned to 59 females (Table 5). Of these females, 86.4% (51/59 females) were
matched to sampled females.
Overall, 92.3% of females (47/51) mated with a single male in a single nest. Of the
remaining females, two females (female 221 & 325) exhibited simultaneous polyandry, where
each female produced offspring with multiple males in a single nest. Another two females
(female 320 & 334) mated with different males in different nests, providing evidence for
sequential polyandry. For both of these females, the distance between nests in which they
deposited eggs was approximately 7 meters. One female (female 112) mated with multiple
males in different nests across breeding periods, providing additional evidence for sequential
polyandry.
Across both breeding events, there was no significant difference between the snout-vent
length of mated and unmated females (mated females: mean ± SEM = 33.4 mm ± 0.17, N = 81,
unmated females: mean ± SEM = 33.0 mm ± 0.19, N = 71) (Wilcoxon test, Z = -1.24, P = 0.21),
however, there was a significant difference in body mass, whereby mated females were heavier
(mated females: mean ± SEM = 3.84 g ± 0.08, N = 81, unmated females: mean ± SEM = 3.56 g
± 0.08, N = 71) (Wilcoxon test, Z = -2.23, P = 0.03).
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Figure 12. Percentage of nests during two breeding events (event 1 and event 2) with offspring
assigned to four possible sire and dam combinations.

Figure 13. A summary of the number of mating partners for each sex across both breeding
events.
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3.4.5

Description of the mating system

Over the entire study period, 68.7% (46/67) of mated males sired offspring with a single female
(Figure 13). Most of these males attracted females to a nest (95.5%, 64/67), but a small subset
of males (4.5%, 3/67) gained mating success by sneaking fertilisations. Of the males that gained
mating success, 31.3% (21/67) sired offspring with multiple females (2 to 4 females) and were
deemed to be polygynous. Of the polygynous males, individuals either mated with multiple
females in the same nest (52.4%, 11/21), or mated with multiple females across multiple nests
(47.6%, 10/21). Interestingly, polygynous males that mated in multiple nests were never
recorded to have fertilised eggs in different nests within the same breeding period. Of the mated
females, 92.6% (75/81) mated with a single male, while 7.4% (6/81) mated with multiple males
(2 to 3 males) and were deemed to be polyandrous (Figure 13). Of the polyandrous females,
50% (3/6 females) mated with multiple males within the same nest, exhibiting simultaneous
polyandry, while the other 50% (3/6 females) mated with multiple males at different nests,
exhibiting sequential polyandry.
3.5

DISCUSSION

Knowledge of the genetic mating systems of ectothermic vertebrates remains limited,
particularly for species with prolonged breeding and cryptic mating behaviour. The present
study quantified the genetic mating system of the terrestrial breeding red-backed toadlet (P.
coriacea), a small frog in which breeding lasts several months, and mating takes places in
concealed subterranean nests. A single population was exhaustively sampled over an entire
breeding season and SNPs were used to assign parentage to offspring. I found that females
typically either did not lay eggs, or laid a single clutch of eggs over a breeding season, and that
nearly all females (92.6%) mated with one male. The small percentage of females (3.7%)
displaying sequential polyandry mated with no more than three males. Male mating success was
heavily skewed towards a small subset of individuals (30.6%), and the majority of successful
males (70.1%) mated with one female. Within nests, eggs were typically accompanied by a
resident male, but in nearly one third of cases (31.7%) the resident was not the genetic sire,
suggesting a very high incidence of nest take-over. Despite a heavy mating skew, only 4.2% of
nests contained clutches that were sired by multiple males, indicating that sneaking behaviour
was either extremely uncommon, or rarely resulted in fertilisations.
My finding that almost all females mated with a single male, and that male mating
success was heavily skewed, was unexpected. I predicted an extremely high level of sequential
polyandry because early observational work with three closely related Pseudophryne spp. (P.
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bibronii, P. dendyi and P. semimarmorata) suggested that clutch partitioning may be
widespread in terrestrial toadlets (Woodruff, 1976). Furthermore, a long term study exploring
the genetic mating system of one of these species, (the Autumn breeding brown toadlet P.
bibronii) uncovered the most extreme level of sequential polyandry reported in a vertebrate
(every female mated with 2-8 males) (Byrne & Keogh, 2009). Sequential polyandry in P.
bibronii was shown to be adaptive because it reduced the risk of nest failure caused by eggs
desiccating in nests with low moisture, or nests that either failed to flood, or flood at suboptimal
times (Byrne & Keogh, 2009). Given that P. coriacea breed in Summer, I assumed that nests
and ponds would dry more rapidly, and that an increased risk of brood failure would favour an
even more extreme level of sequential polyandry. Why then sequential polyandry was so rare
remains unclear.
One explanation for the low incidence of sequential polyandry is that clutch partitioning
is a highly plastic behaviour and that re-mating was repressed during the study period. Plasticity
in polyandrous behaviour has been reported in other vertebrate systems and is often related to
stochastic environmental conditions and fluctuating costs of mate searching (Rossmanith et al.,
2006; Mobley & Jones, 2009). In toadlets, it is conceivable that climatic factors such as
temperature and rainfall will constrain promiscuous activity, or alter the costs of mate searching.
The expected outcome of such environmentally determined constraints and costs is that the
frequency of sequential polyandry will fluctuate within and between breeding seasons. Notably,
however, even though climatic conditions varied considerably over the 115-day study period,
the incidence of sequential polyandry remained constant. Therefore, it seems unlikely that
females were refraining from re-mating due to unfavourable environmental conditions.
An alternative explanation for the low incidence of sequential polyandry is that this
behaviour is an ancestral state, and that P. coriacea is in the evolutionary phase of shifting away
from clutch partitioning (Holman & Kokko, 2013). In principle, sequential polyandry inflates
mating costs such as the energetic expense of mate searching and the risk of predation, disease
contraction or desiccation (Byrne & Roberts, 2012). Consequently, unless there are significant
constraints on mate choice, or breeding occurs in an environmental context where mate choice
is highly unreliable, sexual selection is expected to strongly favour stringent mate preferences
and mating with one male (Kokko et al., 2002). Based on knowledge of the mating system of P.
bibronii I assumed that female P. coriacea have a limited capacity to reliably evaluate the
probability of nest failure, but this might not be the case. Compared to P. bibronii, P. coriacea
have larger eggs with much thicker egg capsules, a trait known to buffer embryos against water
loss in other terrestrial breeding frogs (Mitchell, 2002). Furthermore, the developmental rate of
embryo’s and tadpoles is much faster, meaning that eggs remain in nests for shorter periods, and
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that tadpoles are less reliant on the persistence of temporary pools to complete larval
development. Such differences might substantially reduce the overall risk of embryo or larval
desiccation and increase the capacity for females to discriminate between males based on nest
qualities. That selection of high-quality nests is an important aspect of the P. coriacea mating
system is supported by my finding that nest take-over was prevalent. Nest take-over has rarely
been reported in anurans (but see Hudson & Fu, 2013), but it is widespread in fish (DeWoody &
Avise, 2001; Alonzo, 2004), and experimental studies have shown that frequent nest take-over
occurs when males are in strong competition for a limited number of high-quality nests
(Lindström, 2001; Lindström & Pampoulie, 2004). In other terrestrial frog species in which
males construct nests it has been demonstrated that females have the ability to reliably assess
nest qualities that influence offspring performance and survival. For example, in the terrestrial
breeding ornate nursery frog (Cophixalus ornatus), males construct burrows on creek banks and
females prefer deeper more elongated and chambered nests that provide offspring with greater
protection from biotic or abiotic disturbances (Felton et al., 2006). If female P. coriacea have a
similar ability to reliably evaluate nest qualities, mating with one male might be strongly
favoured over polyandry.
Assuming that female P. coriacea are discriminating between males, and that males (or
their nest-sites) vary markedly in quality, a curious finding was the low level of polygyny. Over
both breeding events, less than one third of successful males mated with multiple females.
Moreover, male-mating success was unrelated to body size, indicating that larger males were
neither more attractive nor competitively superior (Gerhardt & Huber, 2002; Rausch et al.,
2014). A number of factors may have restricted the mating success of resident males. First,
given the high incidence of nest take-over, it may have been difficult for males to retain high
quality nests, or to quickly acquire new nests after being usurped, restricting opportunities for
multiple matings. This is supported by my finding that no males gained matings across multiple
nests within the one breeding episode. Nest take-over might also be a time consuming and
exhaustive activity. Although no form of male-male combat has been observed in the field,
males occupying the same nest typically engage in protracted bouts of threat calling (often
lasting several hours), suggesting that nest take-overs are predominately mediated by endurance
rivalry. Another possibility is that males became less attractive to females once they had mated
multiple times. This could happen for a number of reasons, including the possibility that males
become sperm depleted after successive matings, and females avoid highly successful males to
ensure clutch fertilisation. The potential for sperm depletion has not been explored in toadlets,
however, this explanation remains plausible because it is not uncommon to encounter nests with
large numbers of unfertilised eggs (Byrne, P.G., unpublished data). Furthermore, there is
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evidence that mating history affects sperm concentration in anurans. For example, in gray
treefrogs (Hyla versicolor), sperm stores are severely reduced after one mating (Doyle, 2011).
Recently, it has also been shown that fish can discriminate between males based on mating
history. In Trinidad guppies (Poecilia reticulata), where males deplete 92% of their sperm
stores after one mating, mate choice tests have shown that females avoid mating with males they
have observed sexually interacting with other females (Scarponi et al., 2015). Another
possibility is that female toadlets avoid mating with highly successful males because it is costly
to deposit clutches in nests that contain a large number of eggs. Large egg masses might restrict
effective gas exchange and lead to embryo failure, a problem reported in the Australian moss
frog (Bryobatrachus nimbus), another terrestrial breeding frog with large egg capsules (Mitchell
& Seymour, 2003). Furthermore, tadpoles that hatch in nests containing multiple clutches might
face stronger competition for limited food resources in shallow temporary pools. Heightened
competition might extend the length of the larval period and reduce body size at metamorphosis,
which in anurans can have major negative lifetime fitness consequences (Wilbur & Collins,
1973; Denver, 1997).
Low levels of polygyny might also reflect the fact that a significant proportion of
females in my study population did not breed, reducing opportunities for males to re-mate. Why
so many females didn’t breed remains unclear. One possibility is that some females bred in
other choruses before entering the study site. However, this seems unlikely because the nearest
breeding site was located several kilometres away (O’Brien, D.M., unpublished data) and
toadlets have a locomotory mode (crawling rather than hoping) that limits their ability to move
quickly through the landscape. Furthermore, toadlets display extreme site fidelity, returning to
the same breeding sites between years (Byrne, P.G., unpublished data). As such, a more likely
explanation is that females varied in their readiness to oviposit, and that females who were not
carrying mature eggs missed the opportunity to breed due to unfavourable climatic conditions.
Indeed, while mated and unmated females did not differ in snout-vent length, mated females
were significantly heavier when they entered the breeding site, indicating they were carrying
mature eggs and were primed for breeding. Furthermore, many of the females that didn’t mate
arrived late in the breeding season, at which time a lack of late Summer rainfall precluded a
final bout of breeding. Toadlets are very long lived, having a lifespan that can exceed 10 years
in the wild (Byrne, P.G., unpublished data) and 24 years in captivity (Thumm, K., unpublished
data). Toadlets also have the capacity to resorb eggs if they haven’t mated by the end of a
breeding season (Byrne, P.G., unpublished data). Therefore, it might be common for females to
skip breeding years, and for numbers of breeding females to fluctuate considerably year to year,
as reported for other prolonged breeding anurans (Rastogi et al., 1983; Reyer et al., 1999). In
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years where a higher proportion of females have the opportunity to breed, levels of polygyny
might be much higher.
Another curious finding was the low incidence of multiple paternity (i.e. simultaneous
polyandry), which indicates that sneaking behaviour was extremely uncommon. Sneaking is
widely documented in anuran amphibians and often leads to multiple-male amplexus
(simultaneous polyandry) and multiple paternity (D'Orgeix & Turner, 1995; Roberts et al.,
1999; Lodé & Lesbarrères, 2004). Furthermore, observational and experimental studies have
provided good evidence that sneaking and simultaneous polyandry is driven by intense intrasexual selection (Byrne & Roberts, 2004; Lodé et al., 2004). Given the strong mating bias I
found in my study population, as well as the shortage of breeding females and the apparent
intense competition between males for nest-sites, it is surprising that the level of multiple
paternity was not higher. The breeding habits of toadlets might restrict opportunities for
sneaking. Specifically, due to mating occurring in concealed burrows, it might be difficult for
sneaks to remain close enough to residents to visually monitor female arrival, yet avoid
detection and aggression. In some fish, nest-site concealment and nest-site architecture are
known to influence opportunities for sneaking (Sargent & Gebler, 1980; Oliveira et al., 2002).
Moreover, a recent comparative study in frogs indicates that terrestrial breeding has evolved to
reduce the risk of sneaking and sperm competition (terrestrial breeding frogs with less exposed
amplexus have smaller testes) (Zamudio et al., 2016). However, toadlets display strategic
calling behaviour whereby males dramatically increase their calling effort when a female enters
a burrow (Byrne, 2008), so sneaks should be able to acoustically monitor mating activity and
join pairs opportunistically. Additionally, sneak males might also be able to locate mating pairs
using non-volatile odours laid by resident males as preference tests have shown that P. bibronii
can recognise and locate conspecifics using chemosignals (Byrne & Keogh, 2007). As such, a
more plausible hypothesis for the low incidence of sneaking might be that there is a reduced
probability of fertilisation success in the terrestrial environment. For aquatic frogs, sperm can
remain viable in water for extended periods and sneaks do not need to be in close physical
proximity to pairs to gain fertilisations (Prado & Haddad, 2003; Sherman et al., 2008; Ron et al.,
2014). In terrestrial burrows, sperm might die quickly in the soil medium and sneaks may only
be successful if they can release sperm directly onto eggs. If this is the case, sneak attempts
might rarely result in fertilisations and multiple paternity. Finally, due to costs associated with
losing paternity to undesirable sires (Bourne, 1993), or the risk of eggs going unfertilised when
multiple males compete for fertilisations (Byrne & Roberts, 1999), there may be strong
selection on females to withhold egg release when amplexed by multiple males. The ability to
bias paternity by controlling egg release when amplexed by undesirable males has been
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demonstrated in European waterfrogs (Reyer et al., 1999). If P. coriacea have a similar
capacity, this could limit the success of sneaks, and reduce the incidence of simultaneous
polyandry. Furthermore, if females that are disturbed by sneaks occasionally terminate matings
and re-mate at different locations, this could provide a non-adaptive explanation for the
instances of sequential polyandry reported.
A final unexpected result was the occurrence of hybridisation between P. coriacea and
P. australis. Hybridisation has been reported in other Pseudophryne species (Woodruff, 1973,
1977; McDonnell et al., 1978; Payne, 2014), but this is the first evidence for hybridisation in P.
coriacea. Hybridisation might arise due to mating mistakes resulting from a high level of
species similarity and limited divergence in traits that facilitate species recognition (Nagel &
Schluter, 1998). Pseudophryne coriacea and P. australis are anatomically similar (both species
are small and lack obvious sexual size dimorphism), and they also share a similar breeding
biology (both species breed over Spring and Summer, have short pulsatile advertisement calls,
use shallow terrestrial nests, and have inguinal amplexus). In the present study I caught female
P. australis at the breeding site of P. coriacea, but never any males. Therefore, I speculate that
hybridisation has stemmed from matings between P. australis females and P. coriacea males.
Female P. australis might be strongly attracted to the advertisement calls of male P. coriacea
due to an ancestral sensory bias. The calls of P. coriacea are slightly longer and more pulsatile
than P. australis, and might act as a hyperstimulus. While it is not known whether female P.
australis prefer longer more pulsative calls, such preferences are widespread in anurans (Wells
& Schwartz, 2007). Male P. coriacea might readily accept heterospecific matings because
intense male-male competition has favoured indiscriminate clasping behaviour, a widely
reported phenomenon in anurans (Pearl et al., 2005). Critically, however, if hybridisation is
explained by mating mistakes, I should expect to see post-mating isolation mechanisms in
operation, evidenced by extremely high levels of embryo failure, and/or inviable or infertile F1
adults (Woodruff, 1979). Instead, I found that hybrid matings generated viable offspring, and
that hybrids were phenotypically indistinguishable from pure-species frogs (except for
differences in colouration). Moreover, I found that hybrid males and females that mated with
pure-species frogs generated viable larvae, indicating that backcrossed hybrids gain
reproductive success. While it is possible that effects of hybridisation are neutral or slightly
maladaptive (and that hybrids are not strongly selected against), the possibility that
hybridisation is adaptive should also be considered. Specifically, P. australis females might
prefer heterospecific mates because hybrids perform better under challenging environmental
conditions, as has recently been reported in American spadefoot toads (Pfennig, 2007).
Following hybridisation, backcrossing and introgression might then be favoured if P. coriacea
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females gain fitness benefits by mating with more genetically variable males. Investigating
mechanisms of mate choice in P. coriacea, and whether genetic benefits underpin adaptive
hybridisation, could provide key insights into the evolution of the P. coriacea mating system.
Specifically, future work would benefit from undertaking experimental breeding crosses and
call analysis to deepen our understanding of the influence of hybridisation on population
dynamics and patterns of mate choice in P. coriacea.
Overall, the findings of my study make an important contribution to our understanding
of amphibian mating systems. It is widely believed that anurans have the highest reproductive
diversity of all vertebrate groups, yet genetic mating systems have been studied in less than one
percent of all described species. Moreover, most genetic studies have only performed paternity
analyses on small number of clutches representing a fraction of all breeding individuals, and/or
targeted specific mating contexts (e.g. multiple male amplexus), creating a perspective bias.
While this research has confirmed that anurans display a diversity of reproductive tactics, it has
only provided a snapshot of anuran genetic mating systems. My study is one of the first to
exhaustively sample a population of a prolonged breeding anuran and demonstrates a high level
of mating system complexity. Terrestrial breeding with parental care is widespread in anuran
amphibians (spanning at least 206 species from 27 families, representing 51% of families)
(Wells, 2010; Gómez-Hoyos et al., 2012), so there are excellent opportunities to explore mating
system variation across a diversity of anuran groups that employ this reproductive mode. More
broadly, my findings advance our understanding of vertebrate mating systems variation by
showing that closely related species with a similar reproductive biology can differ markedly in
their genetic mating system. Even though P. bibronii and P. coriacea have similar life histories
and share the same reproductive mode (mode 17/39, Eggs and early tadpoles in excavated nests;
subsequent to flooding, exotrophic tadpoles in ponds or streams) (Haddad & Prado, 2005), they
appear to have vastly different genetic mating systems. Demonstrating extreme mating system
differences between closely related species provides a valuable opportunity for comparative
studies that directly test hypotheses regarding the causes and consequences of sexual selection,
and the role of sexual selection in mating system evolution. Saying this, an important limitation
of my study was that I only studied one population. Within species, environmental and
demographic differences between populations can affect the strength and intensity of sexual
selection and drive among population variation in genetic mating systems (for examples see
Rispoli & Wilson, 2008; Mobley & Jones, 2009). Therefore, caution must be exercised when
extrapolating the patterns reported here to the P. coriacea species in general. An accurate
assessment of the species mating system will only be possible once genetic mating system
studies have been conducted for multiple populations across the species range. Despite this
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limitation, my findings underscore the importance of using molecular tools to gain initial
insights into mating system variation between groups. Ongoing assessment of vertebrate mating
systems, particularly for groups with cryptic and prolonged breeding, is likely to reveal that
mating systems are far more variable and complex than currently realised. Such work will
improve our capacity to discern mechanisms of sexual selection and understand the evolution of
reproductive strategies in ectothermic vertebrates.
In conclusion, molecular tools are increasingly being used to quantify animal mating
systems, yet we still know very little about the genetic mating systems of amphibians and other
ectothermic vertebrates, particularly species with prolonged breeding and cryptic mating
behaviour. In this study I quantified, for the first time, the genetic mating system of the
terrestrial breeding red-backed toadlet (P. coriacea). I predicted that females would display
extreme sequential polyandry because this mating system has been reported in a conspecific.
Unexpectedly, I found that almost all females mated with a single male (genetic monandry),
displaying stringent mate preferences, and that most males mated with single female. I also
found a very a high frequency of nest take-over and extreme competition between males for
nest-sites, but that males rarely gained fertilisations by sneaking. Finally, I discovered that P.
coriacea hybridises with a congener, resulting in introgression. my findings highlight that
closely related species with the same reproductive mode can differ markedly in reproductive
behaviour, and reiterate the importance of using molecular tools to elucidate mating system
complexity. Ongoing assessment of the genetic mating systems of ectothermic vertebrates will
continue to advance our understanding of mating system variation and provide a conceptual
platform for understanding mechanisms of sexual selection and the evolution of reproductive
strategies.
3.6
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4.1

ABSTRACT

In resource-defence mating systems where males control nest-sites, complex interrelationships
between nest characteristics and nest advertisement are likely to influence female mate choice.
Surprisingly, however, we know very little about the influence of such relationships on female
mating decisions. In terrestrial breeding oviparous species, one character likely to have a major
influence on female nest-site selection is nest moisture. In addition to influencing the
susceptibility of eggs to desiccation, nest moisture also stands to influence nest pH and
offspring fitness, as well as the hydration state of resident males, and their potential to advertise.
Together, such interrelationships could strongly influence female mating decisions. The aim of
this study was to use a long-term field study combined with a multivariate approach to
investigate the combined influence of nest moisture, nest pH and male acoustic advertisement
on female nest-site selection in a wild population of red-backed toadlets (Pseudophryne
coriacea). I found that females deposited more eggs in wetter and less acidic nests, and that
these variables were positively correlated. Moreover, nest moisture and pH in combination were
positively related to the calling potential of resident males, and nests that were advertised more
often received more eggs. These results suggest that nest-site selection in red-backed toadlets is
influenced by a complex interplay between co-varying nest characteristics that together
influence male sexual signalling and nest advertisement. More broadly my findings highlight
the potential for nesting behaviour to be mechanistically intertwined with mate choice.
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4.2

INTRODUCTION

Sexual-selection theory predicts that females will be more discriminant in mate choice than
males as an outcome of anisogamy combined with differences in parental investment
(Andersson, 1994). Furthermore, it is predicted that female mate choice will be most
pronounced in systems where there is high variance in either male quality, or the resources they
provide (Bonduriansky, 2001). In these situations, strong female preferences for certain males
are thought to improve female fitness by supplying either direct material benefits (Trivers, 1972;
Arnqvist & Nilsson, 2000) or indirect genetic benefits (Zeh & Zeh, 2001; Neff & Pitcher, 2005).
The relative importance of these benefits will largely depend on a species’ mating system. In
resource-defence mating systems, where males aggregate and defend resources required by
females for reproduction, we should expect strong selection for mate preferences associated
with material benefits (Emlen & Oring, 1977). Indeed, in various taxa it is commonly observed
that female preference for males is strongly coupled with the quality of the breeding resource
being defended and advertised (Reaney & Backwell, 2007).
The resources that influence female preferences are diverse, but they often relate to
materials that improve female survival (e.g. reduce predation risk) (Kohda et al., 2005), increase
the survival prospects of offspring (Kaluthota & Rendall, 2017), or promote the expression of
favourable offspring phenotypes (Li et al., 2017). Importantly, when resources are unevenly
distributed (e.g. by being temporally or spatially clustered), males have a greater opportunity to
monopolize these resources. This leads to strong directional selection for female mating
preferences based on resource quality, and, in turn, large variance in male-mating success
(Emlen & Oring, 1977; Shuster & Wade, 2003). Across all vertebrate classes, and a diversity of
invertebrates, nests constitute a critical resource for breeding (Barber, 2013; Refsnider, 2016).
Fundamentally, nests protect offspring from predation and parasitism and provide suitable
microclimates for optimal development (Collias & Collias, 2014). Among species, however, the
importance of nest quality on female nesting (and mating) decisions may vary considerably
depending on the mode of reproduction.
In oviparous (egg-laying) species that use nests to incubate eggs, various characteristics
of the nest have been shown to influence offspring survival and viability (Refsnider & Janzen,
2010). These range from physical properties of the nest, including architectural design, location
and nesting materials (Mitchell, 2002b; Kohda et al., 2005); to chemical properties, such as
salinity and oxygen availability (Jones & Reynolds, 1999; Haramura, 2008). However, in
terrestrial breeding species with either soft-shelled or shell-less eggs, one factor expected to
have a predominant influence on offspring fitness is nest moisture (water potential) (Figiel &
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Semlitsch, 1995). Maintaining embryo hydration and preventing desiccation is one of the major
functions of reptile and amphibian nests, and nest moisture can have profound effects on
offspring fitness by impacting hatching size, time to hatching and hatching success (Bradford &
Seymour, 1988b; Brown & Shine, 2004). Moisture levels may also indirectly affect offspring
fitness by altering chemical properties of the nest, such as soil pH, which can have major
impacts on offspring growth, development and survival (Freda & Dunson, 1985; Chambers et
al., 2006).
Despite numerous studies having investigated the influence of hydric conditions on
offspring fitness (Delmas et al., 2008; Du & Shine, 2008), an important, and often overlooked,
question (specifically in the context of resource-defence mating systems) is whether females
prefer males guarding wetter nests. In systems where females choose nest-sites after mating (i.e.
there is no resources provided by males), there is some evidence that substrate moisture is a
critical component of nest-site selection (Rhodes & Richmond, 1983; Thompson et al., 1996;
Wood & Bjorndal, 2000). Assuming similar relationships exist when males control nesting
resources, we should expect there to be strong pressure on females to bias matings towards
males defending nests characterised by nest moisture levels that maximize offspring fitness.
However, because moisture levels can also affect the hydration state of resident males, and, in
turn, the capacity for these males to advertise (Mitchell, 2001), we should also expect a dynamic
relationship between nest moisture, nest advertisement, and nest-site selection. Understanding
these relationships more deeply, and how they influence patterns of female nest-site selection,
would provide new insights into the complexity of female mate choice in systems where males
control resources. To this end, there is a need for behavioural studies of wild populations that
use multivariate analysis to explore the interplay between various nest characteristics, male
advertisement, and male mating success (as a proxy for female preference).
Anuran amphibians provide an excellent model to investigate long-term female
preferences based on nest characteristics, and associated levels of male advertisement, because
almost all species are oviparous, many species use nests of some description, and males
commonly guard nests and use calls to advertise these to females (Wells, 2010). Importantly,
anuran eggs lack a calcified shell typical of birds or reptiles and therefore have an innate risk of
desiccation because the hydric state of eggs is largely dependent on the water potential of the
nest environment (Refsnider & Janzen, 2010). The ovum of all anurans is surrounded by a jellylike capsule which is composed of a number of gelatinous layers, and is completely water
permeable (Duellman & Trueb, 1986). While egg capsules can readily absorb water, providing a
reservoir for the developing embryo, the eggs are also extremely susceptible to dehydration
resulting from evaporation and substrate absorption. Similarly, adult anurans possess highly
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permeable skin, and most species are physiologically incapable of reducing cutaneous water
loss via evaporation (Lillywhite, 2006). When faced with a heightened risk of desiccation,
adults control water loss by modifying their behaviour, either by seeking out free water or
reducing energetically expensive activities (such as calling) that increase the risk of desiccation
(Pough et al., 1983).
In certain anuran groups, such as terrestrial breeding toadlets from the genus
Pseudophryne, field studies have shown that embryonic survival is significantly influenced by
nest moisture levels, with up to 90% of egg mortality attributed to nest-site failure as a result of
desiccation (Byrne & Keogh, 2009). Laboratory studies have also indicated that soil moisture of
nests directly affects the growth and development of embryos (Bradford & Seymour, 1988b),
and manipulative field studies have provided evidence that hatching success is higher in more
acidic soils (Chambers et al., 2006). Moreover, manipulative field studies have provided
evidence that nest moisture levels influence the calling potential of resident males, whereby
males from drier nests reduce their call effort, presumably to reduce the risk of dehydration
(Mitchell, 2001). Consequently, in terrestrial toadlets, I expect that female nesting decisions are
likely to be strongly influenced by interrelationships between nest moisture, nest pH and male
advertisement.
The aim of this study was to investigate how female nest-site selection is influenced by
nest moisture, nest pH and nest advertisement (and the interrelationships between these
variables), in a population of red-backed toadlets (P. coriacea). I recently quantified the genetic
mating system of P. coriacea and demonstrated that females almost invariably mate with a
single male over a breeding season, and that matings are biased towards a subset of males.
(O'Brien et al., 2018). The present study took place over an entire breeding event and was
designed as a first step towards understanding the importance of material benefits in female
mate choice.
4.3
4.3.1

METHODS
Study species

Pseudophryne coriacea is a small (27-37 mm snout-vent length, O’Brien et al., 2018; Figure 2)
terrestrial breeding toadlet distributed throughout eastern Australia, typically inhabiting semimoist/moist sclerophyll forests and woodlands (Anstis, 2017). The breeding season is
prolonged, extending for several months through austral Spring and Summer, and breeding
activity is heavily associated with significant rainfall events (see Chapter 2). Breeding sites are
ephemeral in nature, often existing as dry pans, drainage lines or ditches for most of the year. At
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the onset of a breeding season, males move in to breeding sites from surrounding vegetation and
construct small chambers (nests) amongst soil, leaf litter or woody debris. Nests are discrete and
are indistinguishable from the surface. Females oviposit an average of 47 relatively large eggs
(approx. 6-7 mm when completely hydrated) within nests (O’Brien, D.M., unpublished data).
Males remain in the nest after mating (Figure 14) and continue to advertise to females
(Woodruff, 1977). Development is prolonged and embryos can remain inside the capsule, at an
advanced development stage (Gosner stage 27-28), for several weeks (Anstis, 2017). Flooding
of nest-sites (and resultant hypoxia) induces hatching of tadpoles that are free-swimming and
feeding (Bradford & Seymour, 1988a). Larval development is confined to small temporary
pools, and metamorphosis typically occurs between 14- and 31-days post hatching (O’Brien,
D.M., unpublished data).

Figure 14. Male P. coriacea in nest (uncovered during nest checks) following mating. Photo: D.
M. O’Brien.
4.3.2

Study site

The study site consisted of an ephemeral waterbody (Figure 3) situated within the Jilliby State
Conservation Area, New South Wales, Australia (-33.100 S, 151.379 E). The vegetation at the
site is classified as coastal ranges Blackbutt (Eucalyptus pilularis) forest with a grassy
understory (mid stratum dominated by Black She-oak - Allocasuarina littoralis). The geology is
120

characterized by sedimentary formations of the Narrabean group with fine grained lithosois and
siliceous sands. Breeding adults congregated within a single elongated depression
(approximately 60 m long and 4–5 m wide) lined with thick layers of leaf litter and small
numbers of herbs/grasses. The depression flooded after heavy rainfall (see Figure 3).
4.3.3

Acoustic advertisement and nest characteristics

The study site was monitored daily between 20 October 2014 and 26 December 2014,
concluding upon inundation of the site. Males gradually entered the site and established nestsites (shallow depressions; Figure 14) prior to female arrival. The start of the breeding event
was indicated by the influx of gravid (egg-carrying) females at the breeding site in combination
with a sharp increase in male calling behaviour that was associated with a rainfall event on 2
December 2014. Nests were located by tracking male advertisement calls on each night of the
breeding event. The approximate location of nests (within 5cm) were flagged on the surface
using individually labelled planter tags so as not to disturb resident males or the physical
properties of the nest.
On each night during the breeding event, nests were checked between 21:00 and 24:00
hours; and each nest was scored as either being acoustically advertised by a resident male
(calling was heard from the nest location) or not advertised (no calls were heard). Of note, it
was not possible to compare specific male call characteristics between nests due to the high
prevalence of nest take-over within the study population which obscured the identification of
resident males (O'Brien et al., 2018). Nest checking began at alternate ends of the breeding site
on each night. The soil properties of all nests were assessed weekly during the breeding event to
capture variation in nest characteristics. The percentage of volumetric soil water potential
(VSWP) was measured by inserting a stainless-steel soil moisture probe (MPKit-306, ICT
International) into the soil adjacent to the nest. Measures were made in triplicate to produce an
average nest value. Soil pH was measured by inserting a pH meter (FieldScout SoilStik pH
Meter) into the soil directly adjacent to the nest, repeated twice to produce an average value.
The soil pH meter was repeatedly calibrated during measurements using standardized buffer
solutions of 4 and 7 pH. Nest measurements were repeated weekly until heavy rainfall resulted
in the flooding of nest-sites on 26 December 2014.
Nest contents were physically examined on 26 December 2014, immediately prior to
heavy rainfall (45.9mm) which flooded the breeding site. Nest searches involved sifting through
soil and leaf-litter within a one meter radius of flagged nest locations. When nests contained
eggs, the total number of eggs present was counted.
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4.3.4

Statistical analysis

For each nest-site, I calculated the mean, maximum and minimum values for both VSWP (%)
and soil pH over a 4-week period during which females were present within the breeding site.
The total number of nights a male was heard calling from a nest was tallied to obtain an estimate
of the number of nights each nest was advertised. A principal component analysis (PCA) was
performed on all nest variables (and number of nights advertised) to obtain a reduced number of
synthetic components. Principal components with an eigenvalue of > 1 were considered
significant. Individual nest variables contributing ≥ 0.25 were considered to have significantly
contributed to that PC (Tabachnick & Fidell, 1996).
Multiple logistic regression analysis was used to test whether differences in each
principal component independently predicted nest success (presence of eggs). In addition,
multiple regression analysis was used to test how the degree of nest success (number of eggs in
nests) was predicted by the principal components, using backward elimination to strengthen the
final model. To improve normality, egg counts were log transformed. Due to the abundance of
zero values for egg numbers, a small positive constant (0.1) was added to all counts prior to
transformation (Rocke & Durbin, 2003).
I further examined the relationship between the number of nights nests were advertised
and measures of nest VSWP and nest pH using a separate PCA performed on all abiotic nest
variables (excluding number of nights nests were advertised). Significant principal components,
and the contribution of individual variables to each PC, were determined as above. Multiple
regression analysis was used to test the influence of each principal component on the calling
activity of resident males (number of nights a nest was advertised). Statistical analyses were
conducted using JMP Pro 13 (SAS Institute, Cary, NC, USA), with significance levels set to P <
0.05.
4.3.5

Ethics statement

This work followed protocols approved by the University of Wollongong’s Animal Ethics
Committee (AE14/17) in accordance with the Australian Code for the Care and Use of Animals
for Scientific Purposes 2013 and was authorized by New South Wales National Parks &
Wildlife Service - Office of Environment and Heritage (SL101436).
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4.4

RESULTS

A total of 113 nests were identified during the breeding event, which lasted a total of 68 days.
Ten nests were excluded from statistical analysis due to missing data (nests were established
very late in the breeding event preventing repeated sampling). Over the duration in which
females were present within the breeding site, nests varied considerably in physical
characteristics (Table 6), with nest VSWP ranging from 2.70% to 45.70% (mean = 12.49%),
and nest soil pH ranging from 2.48 – 5.69 (mean = 3.64). The number of nights nests were
advertised by males also varied considerably Table 6, ranging from 1 – 17 nights (mean 5.75
nights) during the period when females were present within the breeding site (24 nights). Eggs
were laid in 26% of nests, and the number of eggs in successful nests varied considerably (range
= 18 -127 eggs, mean = 57.26 eggs).
Table 6. Comparison of seven nest variables between successful and unsuccessful nests. Data
illustrates means ± SE and range.

4.4.1

Influence of nest traits on female nest-site selection
Principal components analysis resulted in three significant PCs (with eigenvalues > 1)

that collectively explained 86.44% of the total variance in nest variables (see Table 2). The first
PC axis (PC 1) was characterized by ‘maximum VSWP and ‘mean VSWP’, both with loadings
of 0.51; with ‘minimum VSWP, ‘maximum soil pH’ and ‘nights advertised’ also significantly
represented by the PC (≥ 0.25) (Table 7). The second axis (PC 2) was characterized by ‘mean
soil pH’ and ‘maximum soil pH’ with ‘nights advertised’ also significantly contributing (Table
7). The third PC axis (PC 3) had high component loading with ‘minimum soil pH’, while
‘minimum VSWP and ‘mean soil pH’ were also significantly represented (Table 7).
Multiple logistic regression analysis revealed that PC 1 significantly predicted nest
success (PC 1: χ² = 11.181, P = < 0.001). In this analysis PC 2 and PC 3 were not significant
predictors of nest success (PC 2: χ² = 0.061, P = 0.804; PC 3: χ² = 0.426, P = 0.514).
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Preferences for nests with higher PC 1 values indicates that females predominately favoured
nests with greater VSWP, though maximum soil pH and number of nights advertised were also
significant contributors, indicating that these variables in combination also had some influence
on female nest-site selection.
Multiple regression analysis (after the process of backward elimination) also showed
that PC 1 significantly predicted the degree of nest success (F 1, 101 = 12.818, R² = 0.113, P = <
0.001), indicating that females preferred to oviposit more eggs in nests characterized by the
highest VSWP, the maximum soil pH (i.e. the least acidic nests) and the most number of nights
nests were advertised.
Table 7. Summary of principal component analysis of all nest variables.

4.4.2

Influence of abiotic nest traits on resident male advertisement

The second principal component analysis resulted in three significant PCs (with eigenvalues >
1) that collectively explained 94.57% of the total variance in abiotic nest variables (see Table 8).
The first PC axis (PC 1) was characterized by all soil moisture measures (mean, maximum and
minimum values) and two soil pH measures (mean and maximum values) (Table 8). The second
axis (PC 2) was characterized by ‘mean soil pH’ and ‘maximum soil pH’ (Table 8). The third
PC axis (PC 3) had high component loading with ‘minimum soil pH’ being significantly
represented (Table 8). Principal component results also revealed that mean, maximum and
minimum measures of nest moisture were positively correlated with mean and maximum
measures of nest pH were positively related.
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Multiple regression analysis (after the process of backward elimination) showed that PC
1 and PC 2 positively predicted the calling activity of resident males (F 2, 100 = 19.660, R² =
0.282, P = < 0.001), indicating that males that reside in wetter nests and higher soil pH (i.e. the
least acidic nests) advertise on more nights.

Table 8. Summary of principal component analysis of abiotic nest variables.

4.5

DISCUSSION

Nest moisture is known to affect multiple aspects of offspring fitness (Reedy et al., 2012);
however, few studies have assessed the influence of nest moisture (in association with nest pH)
on female nest-site selection in species with resource-defence mating systems. Furthermore, the
interrelationships between nest moisture and pH, and the ability of males to advertise nests,
have largely been ignored (but see Rudolf & Rödel, 2005). In the present study I found that
female red-backed toadlets deposited eggs in nests that were wetter and slightly less acidic, and
that these variables were related. Moreover, nest moisture (and pH) were related to the calling
potential of males occupying nests (as wetter, less acidic nests were advertised on more nights).
These results suggest that nest moisture directly influences qualities of the nest that impact male
display, and, in turn, female nest-site selection.
My finding that nest use was strongly predicted by soil moisture indicates that females
may have some capacity to monitor nest moisture dynamics. Among Pseudophryne, and other
terrestrial breeding amphibians, the site of oviposition can have a major impact on embryo
survival, largely due to the hydrous environment experienced in the nest (Taigen et al., 1984;
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Mitchell, 2002a). Amphibian eggs possess a highly permeable membrane which allows water to
be readily absorbed, however, water can also be quickly lost if surrounding substrates have low
water potential (Refsnider & Janzen, 2010). Among anurans, it is well reported that females
exhibit preferences for oviposition sites, however, the vast majority of studies report female
choice based on the presence of predators or conspecifics (Halloy, 2006; Buxton et al., 2017).
Fewer studies have provided evidence that females have the capacity to assess abiotic
characteristics of nests constructed by males (Rudolf & Rödel, 2005; but see Felton et al., 2006;
Lin & Kam, 2008). In the brown toadlet P. bibronii (a closely related species to P. coriacea),
manipulative laboratory experiments have shown that environmental water potential
significantly affects embryonic growth and survival (Bradford & Seymour, 1988b), and field
investigations have shown that most embryonic mortality is the outcome of desiccation (Byrne
& Keogh, 2009). Although I did not investigate associations between embryo mortality and nest
moisture in the present study, nest drying (and embryo desiccation) is known to be a major
cause of nest failure in the study population (O’Brien, D.M., unpublished data). This association
between nest moisture and offspring survival is likely to strongly favour females that can sense
and assess nest-site soil moisture conditions prior to oviposition, and discriminate against dry
nests. It is possible that females can assess nest moisture directly. Many anuran amphibians,
particularly those which are more terrestrial, are known to utilize an area of skin on the ventral
abdominal surface (pelvic patch) for water absorption (Hillyard et al., 1998; Ogushi et al.,
2010). Furthermore, various species are known to press their ventral skin to the substrate to
maximize substrate contact, a behaviour termed the water absorption response (Stille, 1958).
Such physiological adaptions may allow anurans such as P. coriacea to evaluate nest suitability
based on prevailing moisture conditions. Alternatively, it is possible that females indirectly
assess moisture-holding qualities of the nest. For example, in the tree-hole breeding frog
(Phrynobatrachus guineensis), females discriminate between phytotelmata used for nesting
based on a combination of characteristics (e.g. water depth and maximal possible water depth)
that accurately predict water-holding capacity in the weeks following oviposition (Lin & Kam,
2008). Understanding how toadlets evaluate moisture is an exciting avenue for future work that
will provide key insights into the importance of nest moisture as a criterion for nest-site
selection (and mate choice) in terrestrial breeding anurans. Consideration was also given to the
possibility that females preferred nests with higher moisture as males advertised more
intensively from wetter nests, which is discussed further below.
As expected, a strong association was also evident between nest pH and male-mating
success. In general, all nests were highly acidic (pH < 4.70), however, females deposited eggs in
the least acidic nests available. Because nest pH was positively correlated with nest moisture
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(i.e. wetter nests were less acidic), it is possible that females inadvertently selected less acidic
nests when choosing wetter nests. However, soil acidity is unlikely to be entirely dependent on
soil moisture because several other factors, including rates of plant growth, root respiration and
decomposition of organic material, can also influence the pH of soils (Ritchie & Dolling, 1985;
Yan et al., 1996). As such, there is reason to suspect that females may be directly assessing soil
pH. Indeed, there is some evidence (albeit limited) that frogs can sense pH. Experimental
studies with Northern grass frogs (Rana pipiens) have shown that exposure to acidic solutions
stimulates nociceptors and low-threshold mechanoreceptors, inducing a vigorous skin wiping
response (Pezalla, 1983; Hamamoto & Simone, 2003). Assuming P. coriacea show similar
responses, an aversion to extreme pH may benefit individuals considerably, either directly, by
reducing the risk of physical harm, or indirectly, by protecting their offspring from challenging
developmental conditions. In various anuran species, it has been reported that extreme pH can
have negative impacts on offspring growth, development and survival (Freda & Dunson, 1985;
Freda, 1986; Chambers et al., 2006; Farquharson et al., 2016). Interestingly, terrestrial toadlets
appear to breed in more acidic habitats than most other frogs (Osborne, 1989; Chambers et al.,
2006), so eggs and larvae may be adapted to these conditions, and moderately acidic conditions
may be essential for optimal development. Moderately acidic soils may also confer a fitness
advantage because these conditions inhibit the proliferation of pathogenic fungi that infect
terrestrial frog embryos (Williamson & Bull, 1994). To my knowledge, this study is the first to
indicate that female amphibians can display oviposition preferences for fine-scale (microhabitat)
differences in soil acidity. However, given the diversity of amphibian species that build nests in
soil (Wells, 2010), and the fact the soils can vary dramatically in pH over small spatial scales,
preferences for nest soil pH may be widespread.
Adding to the complexity of my results, I found that wetter nests were more frequently
advertised by the resident male, providing evidence that nest moisture indirectly affects female
nest-site choice by influencing the attractiveness of resident males. This finding highlights the
potential for nesting behaviour to be mechanistically intertwined with mate choice, and draws
attention to the possibility that nest-site selection behaviour has evolved under sexual selection.
Among anuran amphibians, it is widely acknowledged that greater investment in calling
generally increases a males’ chances of reproductive success (Passmore et al., 1992; Gerhardt,
1994). However, acoustic advertisement can also increase cutaneous water loss (Pough et al.,
1983; Taigen & Wells, 1985). Therefore, the hydric conditions of the nest may facilitate greater
calling potential for resident males due to decreased risk of desiccation. This notion is consistent
with the findings of a manipulative study on brown toadlets (P. bibronii) which showed that
males increase their acoustic advertisement in response to artificial wetting of nest-sites
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(Mitchell, 2001). For terrestrial toadlets, prolonged calling activity is likely to exacerbate water
loss because males normally reside in nests for extended periods without access to free-water to
rehydrate (Woodruff, 1976). Nest moisture, and its limitation on calling activity, may also
explain the high prevalence of nest take-over reported in the study population, so variation in
nest moisture has the potential to influence the intensity of male-male competition (see O'Brien
et al., 2018). If nest moisture becomes critically low, and calling is restricted, males may
abandon their territory and contest rivals guarding wetter nests. However, nest take-over may
also simply be explained by strong competition between males for nests preferred by females.
Exploring drivers of nest take-over in P. coriacea would no doubt provide important insights
into the relative influence of different nest characteristics on male mating behaviour, and overall
patterns of female mate choice in this system.
Although the present study indicates that interrelationships between multiple factors
influence nest-site selection and mate choice in P. coriacea, it is important to recognise that my
results are correlational. As such, an important next step towards understanding the causes of
mating preferences in P. coriacea will be to tease apart the relative influence of different nest
characteristics on female mating decisions. This would best be achieved through targeted mate
choice experiments (e.g. didactic mate choice trials) that allow insights into trade-offs between
different decisions. Anurans are highly amenable to choice tests under controlled conditions, so
it should be possible to manipulate male hydration state independent of nest qualities, and
determine which factors are critically important. In addition, it would also be valuable to run
manipulative lab experiments that identify the optimal nest conditions for offspring growth,
development and survival. To the best of my knowledge, no studies have conducted mate choice
experiments where the abiotic attributes of terrestrial nests are manipulated in controlled
environments. However, semi-controlled experiment in natural environments have successfully
revealed female preferences for artificial oviposition sites that vary in water volume (Rudolf &
Rödel, 2005), or the potential to hold water (von May et al., 2009). Testing the extent to which
females can discern variation in soil moisture will shed new light on factors influencing nest-site
selection (and mate choice) in terrestrial breeding anurans.
More broadly, while past studies have demonstrated that individual nest characteristics
can influence female mating decisions in oviparous species (Barber, 2013), the combined effect
of multiple variables has largely been ignored. My study is one of the first to show that multiple
characteristics of male-defended nests can contribute to female nest-site selection. The finding
that hydrated nests were preferred by females is not unusual among oviparous species (Warner
& Andrews, 2002), and this preference is often attributed to benefits that derive from providing
a suitable micro-environment for developing embryos (Reedy et al., 2012). However, little is
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known about the influence of nest moisture on other qualities of the nest, such as pH (Misra &
Tyler, 1999); and the ability of resident males to advertise (Mitchell, 2001). Complex
relationships are likely to exist in other resource-defence systems where multiple variables
influence offspring fitness and male sexual display. When female fitness is intimately tied to
resource quality, the immediate benefits of the resource often result in females prioritising
resource quality over male quality (Møller & Jennions, 2001). However, mate choice is likely to
incorporate a combination of cues indicative of resource value and male phenotype, rather than
a single criterion (Lehtonen et al., 2007; Kelly, 2008). Ongoing work with resource-defence
systems will allow a more complete understanding of the complex mating decisions made by
females when male sexual behaviour is interlinked with the quality of resources provided.
In conclusion, the results of my study suggest that multiple nests characteristics are
important to female mate choice in P. coriacea. Nest-site choice appears to be predominately
based on nest moisture, which likely influences embryonic survival. However, the relationships
I report between nest moisture, nest pH and the calling potential of resident males indicates that
multiple characteristics of the nest environment influence the suitability of nest-sites (and mate
choice) in this species. Future work should focus on disentangling the relative importance of
different nest characteristics and evaluating the fitness consequences of nest-site selection. Such
work will advance our understanding of the extent to which multiple interrelated criteria are
incorporated into female mate assessment in resource-defence mating systems.
4.6
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5.1

ABSTRACT

Mate choice for genetic benefits is assumed to be widespread in nature, yet very few studies
have comprehensively examined relationships between female mate choice and male genetic
quality in wild populations. Here, I use exhaustive sampling and single nucleotide
polymorphisms (SNPs) to provide a partial test of the “good genes as heterozygosity”
hypothesis and the “genetic compatibility” hypothesis in an entire population of terrestrial
breeding red-backed toadlets, Pseudophryne coriacea. I found that successful males did not
display higher heterozygosity, despite a positive relationship between male heterozygosity and
offspring heterozygosity. Rather, in the larger of two breeding events (comprising 64% of all
matings), I found that successful males were more genetically similar to their mate than
expected under random mating, indicating that females can use pre- or post-copulatory mate
choice mechanisms to bias paternity towards more related males. These findings provide no
support for the good genes as heterozygosity hypothesis but lend support to the genetic
compatibility hypothesis. A complete test of this hypothesis will now require evaluating how
parental genetic similarity impacts offspring fitness. Terrestrial toadlets show a high degree of
site fidelity, high levels of genetic structuring between populations, and frequently hybridise
with sister species. As such, female mate choice for related males may be an adaptive strategy to
reduce outbreeding depression. My findings provide the first population-wide evidence for nonrandom preferential inbreeding in a wild amphibian. I argue that such reproductive patterns may
be common in amphibians because extreme genetic differentiation within meta-populations
creates an inherently high risk of outbreeding depression.
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5.2

INTRODUCTION

Understanding how male genetic quality influences female mate choice remains a central theme
in evolutionary ecology. Theoretical models of mate choice based on genetic quality are largely
divided into two broad models: the good genes model, and the compatible genes model
(Kempenaers, 2007). According to the good genes model, males bear condition-dependent traits
that signal genetic qualities (i.e. good genes) and females prefer males carrying superior genes
that will improve offspring fitness (Kokko et al., 2003; Neff & Pitcher, 2005). An extension of
this model is the “good genes as heterozygosity” hypothesis which predicts that females will
prefer more heterozygous mates because such pairings generate more heterozygous offspring,
and increased allelic diversity increases offspring fitness (Mitton et al., 1993; Brown, 1997;
Sardell et al., 2014). Under the “genetic compatibility” hypothesis (also known as the genetic
complementarity hypothesis), males also bear traits (or provide cues) that are assessed by
females (Mays & Hill, 2004; Mays et al., 2008). The major distinction with the good genes
hypothesis, however, is that female preference is based on an interaction between male and
female genotypes, whereby females assess the genotype of a potential mate with respect to their
own genotype, and compatible genetic combinations increase offspring fitness (Zeh & Zeh,
1996, 1997; Ihle et al., 2015). In principle, compatible males may be those that are less closely
related to the female (to avoid inbreeding depression resulting from the increased expression of
deleterious alleles) (Keller & Waller, 2002), males that are more closely related (to avoid
outbreeding depression resulting from the breakup of co-adapted gene complexes) (Templeton,
1986), or males that are optimally related (to balance costs arising from both inbreeding and
outbreeding depression) (Bateson, 1983).
Under both the good genes and genetic compatibility models mate choice can extend
beyond mating, with male-reproductive success mediated by postcopulatory sexual selection
processes. Specifically, paternity biases can be encouraged through mechanisms that occur
either before fertilisation (sperm utilisation), or after fertilisation (differential investment in
offspring) (Neff & Pitcher, 2005). In regard to sperm utilisation, females stand to increase
offspring viability by only utilising sperm carrying good or compatible genes. This is
accomplished by females either: i) facilitating sperm competition (whereby the male that
produces competitively superior sperm will increase the genetic quality of offspring) (Hosken et
al., 2003), or ii) displaying cryptic female choice (whereby females directly manipulate sperm
usage and bias fertilisations to high-quality males) (Eberhard, 1996).
Over the past two decades an increasing number of studies have tested for genetic
benefits of female mate choice, and, in various taxa, strong links have been reported between
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mate preferences and the genetic profiles of one or both sexes (Garner & Schmidt, 2003; Parrott
et al., 2007; Sardell et al., 2014). Moreover, both male genotype and interactions between male
and female genotypes have been found to be reliable predictors of offspring fitness (Pusey &
Wolf, 1996; Hansson & Westerberg, 2002; Frankham, 2015; Phillips et al., 2017). Such findings
have highlighted the potential for either good genes or compatible genes to act as mechanisms
of intersexual selection. Despite such advances, the prevalence of mate choice for genetic
benefits continues to be strongly debated. One reason for this is that past studies have mostly
been conducted in unrealistically benign mating arenas (which eliminate costs of mate
assessment and restrict opportunities for mate sampling) (Gerhardt, 1992; Qvarnström et al.,
2006). Consequently, there are relatively few studies examining how multiple components of
genetic quality influence mate choice in wild populations (but see Ryder et al., 2009; Sardell et
al., 2014; Luo et al., 2015). Moreover, of the studies that have been conducted in wild
populations, surprisingly few have exhaustively sampled all individuals in a breeding population
over an entire breeding season (Luo et al., 2015). Restricting genetic sampling to a subset of the
breeding population (or to a brief period during a breeding season) fails to capture populationwide variation in female preferences and limits our ability to reliably determine whether mating
is non-random (indicative of mate choice).
Another major criticism of past studies attempting to explore the genetic basis of mate
choice in wild populations relates to issues associated with molecular markers. Almost all
studies to date have been based on microsatellite markers, because of their high variability and
wide availability (Szulkin et al., 2013), but microsatellites have two major limitations. First,
microsatellites are subject to high genotyping error, and therefore do not always enable
comprehensive and accurate parentage assignment (particularly when levels of genetic variation
are low) (Milano et al., 2011). This significantly reduces capacity to assess population-wide
patterns of mate choice. Second, small to medium microsatellite marker sets (such as those
typically used in mate choice studies) are unable to accurately estimate genetic similarity
between individuals and/or infer genome-wide heterozygosity (Blouin, 2003; DeWoody &
DeWoody, 2004; Hauser et al., 2011). Consequently, microsatellites have limited capacity to
dissect the relative importance of heterozygosity versus compatibility as potential drivers of
mate choice. Importantly, these issues can be overcome using Single-Nucleotide
Polymorphisms (SNPs), which represent the most abundant and widespread source of sequence
variation within genomes (Brumfield et al., 2003). Compared to microsatellites, SNPs afford
substantially lower genotyping error rates (i.e. they rarely fail to assign parents or assign false
parents), provide improved estimates of genome-wide heterozygosity, and allow for accurate
pairwise estimates of relatedness between adults and offspring (Queller & Goodnight, 1989;
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Vega‐Trejo et al., 2017). Advances will come from comprehensive studies of wild populations
that use exhaustive sampling and genomic approaches to simultaneously test competing genetic
quality hypotheses. Such studies promise to be particularly informative if coupled with
simulation models that allow observed mating patterns to be compared to those expected under
random mating (Landry et al., 2001; Lebigre et al., 2010; Sin et al., 2015).
Anuran amphibians with terrestrial reproduction provide an ideal opportunity to test
competing hypotheses regarding mate choice for genetic quality in wild populations because the
majority of species breed in closed systems that are highly amenable to exhaustive genetic
sampling at the population level. In many species, males congregate at known and well-defined
breeding sites, and over extended periods (weeks to months) individuals use mating calls to
signal their availability to females, as well as the location of discrete nest-sites (Stauber, 2006;
Byrne, 2008). Females move into sites after males have established territories and routinely
assess multiple males before mating and deposit egg clutches into nests. Eggs then typically
remain in nests for weeks or months as they develop into larvae, or directly into frogs
(Woodruff, 1976; Wells, 2010; Anstis, 2017). All adults in a population can be easily captured
and sampled by surrounding breeding sites in drift fences and pitfall traps (Byrne & Keogh,
2009), and offspring from every mating can be directly sampled from nest-sites.
The aim of this study was to use a genomic approach to provide a partial test of the
good genes as heterozygosity hypothesis and the genetic compatibility hypothesis in the redbacked toadlet (Pseudophryne coriacea). In this species, females assess multiple males before
mating and paternity analysis has shown that egg clutches are almost invariably sired by a single
male (see Chapter 3), implicating the operation of pre- and/or post-copulatory mechanisms of
female mate choice. Comprehensive testing of the good genes and genetic compatibility
hypotheses requires two stages: 1) determining relationships between male-reproductive success
and parental genotypes within natural populations, and 2) evaluating effects of parental genes on
offspring fitness. Here, I complete the first stage of testing, by using single nucleotide
polymorphisms (SNPs) and exhaustive sampling of a wild population to determine how male
reproductive success relates to male heterozygosity and genetic similarity to females. If
heterozygosity mechanisms are in operation, I predict that reproductively successful males will
have higher heterozygosity, and that sire heterozygosity will predict offspring heterozygosity.
Alternatively, if compatibility mechanisms are in operation, I predict that reproductively
successful males will be unrelated to females (to avoid inbreeding), related to females (to avoid
outbreeding), or intermediately related to females (to enable optimal outbreeding). The genetic
consequences of mate choice on offspring were also examined by correlating parental
heterozygosity and/or parental relatedness with offspring heterozygosity.
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5.3
5.3.1

METHODS
Study species

Pseudophryne coriacea is a small myobatrachid frog (Figure 2) with terrestrial reproduction,
laying eggs amongst moist substrates such as leaf litter, vegetation and woody debris (White,
1993). Breeding is confined to ephemeral waterbodies that periodically hold water after rain,
allowing for an aquatic larval phase. Tadpoles develop within egg capsules and are triggered to
hatch via hypoxia once submerged by water (Bradford & Seymour, 1988). Breeding occurs
from September to March (austral Spring to Summer) with the commencement and completion
of breeding dependent on rainfall (Anstis, 2017). Males enter the breeding site before females
and construct shallow nests in moist soil under leaf litter. Males use distinct calls to advertise
nests to females and deter rivals. Calling activity increases after rainfall (see Chapter 2). While a
proportion of males remain at the same nest-site over a breeding season, nest takeover is
common, resulting in a high level of male movement within choruses (see Chapter 3). Gravid
(egg carrying) females enter breeding sites after significant rainfall events (correlated with a
spike in calling activity) and typically spend several days assessing multiple males before
mating. On average, females deposit 47 eggs (range = 26-78), and, based on paternity data, only
a small percentage of females display sequential polyandry (3.7%) or simultaneous polyandry
(3.7%) (O'Brien et al., 2018).
5.3.2

Study system

A natural population of P. coriacea was studied over the course of a complete breeding season,
commencing on 20th October 2014 and finishing on 12th February 2015. The breeding site was
located within an area of tall, moist eucalypt forest in Jilliby State Conservation Area, along the
coastal range of New South Wales, Australia (-33.100, 151.379). Breeding was restricted to an
ephemeral pond, which was dry at the start of the breeding season but filled on two occasions
after heavy rainfall (Figure 3). The breeding site measured approximately 60 metres in length
and 5 metres in width, with an average bank height of one metre. Males constructed nests
around the edges of the dry pond by excavating small and shallow depressions in the soil under
thick layers of leaf litter. Nests were discrete and served as both a calling site for males, and an
oviposition site for females.
5.3.3

Field methods

I captured adult toadlets using a drift fence and pit-fall traps positioned around the perimeter of
the entire breeding site. Traps and fencing were installed prior to the commencement of the
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breeding season, and individuals were caught as they migrated into the breeding site from
surrounding bushland. The 30 cm high, 127-metre-long polyethylene fence directed toadlets
towards 21 plastic pots (30 cm depth x 30 cm diameter) buried into the soil approximately every
6 metres. Upon initial capture, toadlets were photographed, to identify individuals based on
unique ventral markings (see Figure 15), and toe-clipped to acquire DNA samples for
genotyping. After processing, toadlets were immediately released into the enclosed breeding
site. Any recaptured toadlets were released back inside the fence. However, on the second
recapture, toadlets were released on the outside of the fence, as it was deemed that an individual
was intent on leaving the breeding site. The process was repeated for any subsequent recaptures
to provide toadlets with the opportunity to move in and out of the breeding site. Toadlets are
known to intermittently leave breeding sites to forage, so I did not want to restrict such activity.
Traps were checked every morning throughout the breeding season, totalling 115 continuous
trap nights.
Each night during the study period, the breeding site was systematically surveyed to
identify new calling males and mark the approximate location of nest-sites with planter tags
(within 5 cm). To quantify male-mating success, nests were actively searched twice during the
breeding season following spikes in calling activity, and the associated arrival of gravid
females. The first search took place on 26th December 2014, and the second search took place
on 24th January 2015. The two periods before nest checks are hereafter referred to as breeding
event 1 and breeding event 2. For breeding events 1 and 2, searches occurred 14 and 11 days
after peak female arrival, and were made immediately prior to the breeding site flooding. At
each check, resident males were captured, checked for toe clips and photographed to enable
identification. If nests contained clutches, 15% of all eggs were sampled (according to
restrictions imposed by the UOW Animal Ethics committee), with eggs at different
developmental stages presumed to belong to different clutches and sampled evenly. Leaf litter
within one meter of each male’s calling location was systematically searched as male P.
coriacea occasionally construct multiple nests (see Chapter 3). Embryos were transported to a
field station and reared in plastic containers (90 mm diameter x 50 mm depth) lined with moist
sponge (Chux® open weave cloth). Once embryos reached Gosner stage 27-28, hatching was
induced by flooding eggs with water collected from the study site. Freshly hatched tadpoles
were immediately euthanised and preserved in 75% ethanol within Eppendorf tubes.
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Figure 15. Variation in dorsal and ventral patterns of P. coriacea. Unique ventral patterns were
used to identify individuals upon recapture. Photo: D. M. O’Brien.
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5.3.4

Parentage analysis

Adults and offspring were genotyped with a large SNP (single-nucleotide polymorphism)
dataset using a technique called DArTseq™ developed by Diversity Arrays Technology.
DArTseq™ represents a combination of DArT complexity reduction methods and next
generation sequencing (Kilian et al., 2012; Courtois et al., 2013; Cruz et al., 2013; Raman et al.,
2014). Equivalent DNA extraction and sequencing processes are described in more detail
elsewhere (Head et al., 2017).
I obtained approximately 15,746 SNPs from 869 genotyped individuals with an average
call rate of 90.0% and 98.8% reproducibility. Recent estimates by Hu et al. (2015) indicate that
using 30 optimised SNPs can distinguish approximately 100,000 individuals of the same family.
Each offspring was aligned with all candidate males and females in a Hamming Distance
Matrix. Hamming Distance Values (HDV), a measure of genetic dissimilarity across the entire
SNP dataset, were compared and maternity and paternity were assigned to adults with the
lowest HDV. Hamming Distance Values were calculated as the number of SNP loci that
differed in zygosity between individuals, divided by the total number of loci that were
successfully classified for both individuals. For example, a HDV of 0 would indicate individuals
are genetically the same, whereas a HDV of 1 would indicate individuals are completely
unrelated. Hybrid individuals were known to be present in the population and were retained
within the analysis to ensure that the study reflects natural conditions and was ecologically
relevant.
HDV were compared between each offspring and every potential dam and sire
separately. Offspring within clutches were also compared, where HDVs confirmed clutches
were comprised of either full siblings or a mix of half siblings or non-siblings from separate
matings. For my data set, HDV for siblings and parents and offspring ranged from
approximately 0.06 - 0.13, while animals with HDVs greater than approximately 0.14 were
considered unrelated. Offspring with a hybrid parent presented exceptions, with HDVs
marginally higher for parent-offspring and sibling-sibling relationships. Paternity and maternity
were unambiguously assigned to a sampled male and female based on clear HDV matches
between offspring and parents.
5.3.5

Estimating heterozygosity and relatedness

I estimated heterozygosity for all genotyped adults and offspring as the number of SNP loci that
were scored as heterozygous divided by the total number of successfully classified loci (mean
loci ± SE: 4062 ± 5.01) (following the methods of Vega‐Trejo et al., 2017). This is essentially a
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measure of genome wide heterozygosity. Relatedness between adults was assessed using the
same Hamming Distance Matrix, as for the parentage analysis. HDV between individuals was
calculated by comparing the zygosity at each SNP loci successfully scored in both individuals.
5.3.6

Estimating population genetic diversity

Genetic diversity of the population was estimated by calculating the distribution of individual
relatedness (HDV) to the overall population, and the distribution of individual heterozygosity
among individuals. Normality of genetic parameters was assessed using Shapiro Wilks tests.
5.3.7

Testing the good genes as heterozygosity hypothesis

To test the good genes as heterozygosity hypothesis, female mate choice for heterozygous males
was assessed by comparing the heterozygosity of successful and unsuccessful males using a
two-tailed Wilcoxon signed-rank test. Successful males were those that sired offspring from at
least one female. I examined if heterozygosity predicted the degree of male reproductive success
by testing for a relationship between male heterozygosity and the number of female mating
partners using a Spearman's rank correlation. In addition, I tested for assortative mating (female
choice for males of similar heterozygosity) by performing a Spearman's rank correlation,
regressing male heterozygosity against female heterozygosity for all mated pairs. Assuming that
females select mates according to heterozygosity, I assessed if females were inadvertently
mating with males of greater genetic dissimilarity. To test this, I performed a Spearman's rank
correlation of mated pair relatedness (HDV) against both sire and dam heterozygosity. Breeding
event 1 and breeding event 2 were analysed separately as the presence of both females and
potential mates varied throughout the breeding season. Separation of breeding events allowed us
to examine changes in mate choice patterns relative to the number of potential males. Analyses
were conducted using JMP Pro 13 (SAS Institute, Cary, NC, USA), with significance levels set
to P < 0.05.
5.3.8

Testing the genetic compatibility hypothesis

To test the genetic compatibility hypothesis, I examined if females mated with more genetically
related or unrelated males than expected under random mating using a randomisation procedure.
For each breeding event, I compared the mean relatedness of genetically deduced male-female
pairs (HDV-mated) to a distribution of 10,000 simulations where the same number of malefemale pairs were randomly assigned (HDV-random) (following the methods of Sardell et al.,
2014). For each simulation, all mated females were randomly reassigned a mate, from males
available during the respective breeding event (including the actual mate). Mean relatedness
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(mean HDV-random) for each simulation was then calculated by averaging the HDV of all
randomly assigned male-female pairs. The procedure was repeated 10,000 times (representing
10,000 simulations) to generate a distribution of mean HDV-random values expected if mate
choice was random. A two-tailed test was applied where mean HDV-mated was deemed
significantly different if outside the 2.5th or 97.5th percentile of the distribution of mean HDVrandom values. Hence, mean HDV-mated above the 97.5th percentile of mean HDV-random
would provide support for inbreeding avoidance while mean HDV-mated below the 2.5th
percentile of mean HDV-random would provide evidence for inbreeding preference. I
calculated P-values as two times the proportion of simulations below or above mean HDVmated (following the methods of Sardell et al., 2014). Female preference for intermediately
related males was also assessed by comparing the variance of relatedness values for HDVmated to a distribution of variance values of each HDV-random simulation (N = 10,000).
Breeding events were analysed separately, and P-values were calculated as above.
A small percentage of females mated with multiple males during each breeding event
(3% in breeding event 1 and 8% in breeding event 2) (O'Brien et al., 2018). Repeated measures
incurred by polyandrous females were avoided by including only one male mate, chosen
randomly, for each polyandrous female when calculating mean HDV-mated and variance of
HDV-mated. All genetic compatibility analyses were repeated using the least related male and
the most related male per female to calculate HDV-mated (see Appendix 1).
5.3.9

Parent–offspring correlation in heterozygosity and relatedness

To determine if female preference can increase offspring heterozygosity I used gaussian linear
mixed-effect models (LEM) fitted by reduced maximum likelihood (REML) to test for the
correlation between offspring heterozygosity with (i) sire and dam heterozygosity; and (ii)
parental relatedness (HDV). I hypothesised that offspring heterozygosity would be positively
correlated with parental heterozygosity and parental dissimilarity, which would provide
evidence that females can increase offspring genetic diversity through mate choice decisions.
Models included sire ID and dam ID as random effects. Offspring heterozygosity was arcsine
square-root transformed prior to the analyses to improve normality and homoscedasticity.
Statistical analyses were conducted in R 3.4.3 (R Development Core Team, 2017) using the
lme4 package (Bates et al., 2014) to perform LME analyses.
5.3.10 Ethics statement
This work followed protocols approved by the University of Wollongong’s Animal Ethics
Committee (protocol number AE14/17) in accordance with the Australian Code for the Care and
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Use of Animals for Scientific Purposes 2013, and was authorised by New South Wales National
Parks & Wildlife Service - Office of Environment and Heritage (licence number SL101436).
5.4

RESULTS

5.4.1

Population genetic diversity

Assessment of genetic diversity revealed that most individuals had an intermediate level of
heterozygosity, consistent with a leptokurtic distribution (Shapiro-Wilk test, W = 0.79, P <
0.01). Individual relatedness (HDV) to the overall population was skewed towards the lower
range of the distribution (Shapiro-Wilk test, W = 0.58, P < 0.01), indicating that frogs were
consistently mating with closely related individuals (Figure 16). However, several adults within
the extreme upper range of the distribution (highly unrelated individuals) provided evidence for
outbreeding or hybrid incursion. Morphological examination of these individuals revealed that
12 adults displayed a faint red-crown and a red coccygeal stripe resembling that of a closely
related congener (P. australis). Subsequently, 23 individuals were classified as hybrids based on
morphology and extreme genetic dissimilarity to the overall population (HDV > 0.23).
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Figure 16. Mean relatedness values (HDV) of each P. coriacea adults (males and females) to
all other adults in the population (lower values indicate greater genetic similarity) (N = 366).
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5.4.2

Parentage analysis

A total of 215 males and 151 females were successfully genotyped, with offspring assigned to
31 male-female pairs in breeding event 1 and 55 male-female pairs in breeding event 2. Four
males and one female could not be genotyped and were excluded from all analyses. Many
individuals (160 males and 37 females) were present during both breeding events, however,
only 10 males and one female were assigned parentage in both breeding event 1 and 2. Overall,
the vast majority of offspring (89.1%, 450/505) were assigned to both a male and female,
however, a small percentage could not be assigned to a sampled male (2.1%, 11/505) or a
sampled female (8.7%, 44/505), indicating that parents were not sampled (most likely because a
small number of frogs entered the site undetected through a flooded pit trap). Across both
events, almost all females mated with a single male (92.6%, 75/81), while the small percentage
of polyandrous females mated with a maximum of 3 males. There was no relationship between
clutch size and number of sires detected. For males, mating success was highly skewed (30.6%,
67/215) and of those males that received matings, only 31.3% (21/67) sired offspring with
multiple females. For detailed parentage results see Chapter 3.
5.4.3

Testing the good genes as heterozygosity hypothesis

The heterozygosity of all individuals ranged from 3.1 to 37.5% (males: mean ± SEM = 17.8% ±
0.3, N = 215; females: mean ± SEM = 17.3% ± 0.3, N = 151). Heterozygosity of successful and
unsuccessful males was not significantly different in breeding event 1 (successful males: mean
± SEM = 16.7% ± 0.37, N = 27; unsuccessful males: mean ± SEM = 17.9% ± 0.33, N = 149)
(Wilcoxon test, Event 1: Z = -1.90, P = 0.06), or breeding event 2 (successful males: mean ±
SEM = 18.0% ± 0.50, N = 49; unsuccessful males: mean ± SEM = 17.5% ± 0.32, N = 150)
(Wilcoxon test, Event 2: Z = 0.80, P = 0.42). Furthermore, male heterozygosity did not predict
male mating success (as measured by the number of mating partners) in either breeding event
(breeding event 1: Spearman's correlation, coefficient = 0.14, P = 0.53, N = 27 males; breeding
event 2: Spearman's correlation, coefficient = -0.25, P = 0.11, N = 49 males).
The heterozygosity of mated males and females was not significantly correlated,
providing no evidence for assortative mating with respect to heterozygosity in breeding event 1
(Spearman's correlation, coefficient = 0.20, P = 0.28, N = 31 pairs), or breeding event 2
(Spearman's correlation, coefficient = -0.25, P = 0.07, N = 55 pairs). Similarly, individual
heterozygosity was not significantly correlated with mate relatedness for either sex in breeding
event 1 (Spearman's correlation, males: coefficient = -0.13, P = 0.53; females: coefficient =
0.00, P = 0.99; N = 31 pairs) or breeding event 2 (Spearman's correlation, males: coefficient =
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0.07, P = 0.69; females: coefficient = 0.14, P = 0.32; N = 55 pairs).
5.4.4

Testing the genetic compatibility hypothesis

In breeding event 1, 30 females mated with 27 males with relatedness values (HDV) ranging
from 0.0878 to 0.2049 (HDV-mated: mean ± SE = 0.1620 ± 0.003). Mean HDV-mated was then
compared to a distribution of 10,000 simulations where, for each simulation, mean HDVrandom was calculated by randomly reassigning each mated female (N = 30) to one of 176
males present during breeding event 1. Mean HDV-mated was found to be substantially lower
than mean HDV-random but did not fall outside the 95% CIs (0.1612, 0.1788; P = 0.08) (Figure
17). Additionally, the variance in HDV-mated was not significantly different to that of HDVrandom (P = 0.38), providing no evidence for mate choice for intermediately related males in
breeding event 1 (see Appendix 2).
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Figure 17. Distribution of mean HDV-random values (10,000 simulations) in breeding event 1
for P. coriacea. Solid black line represents mean relatedness of mated pairs (HDV-mated).
Broken lines represent 2.5th and 97.5th percentile of HDV-random. Lower HDV equates to
greater genetic similarity.
In breeding event 2, 50 females mated with 44 males with HDV ranging from 0.0785 to
0.2797 (HDV-mated: mean ± SE = 0.1684 ± 0.006). Mated pairs were similarly dissociated and
recombined as above, however, within each simulation, each mated female was randomly
reassigned to one of 199 available males during breeding event 2. Mean HDV-mated was shown
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to be significantly lower than mean HDV-random in breeding event 2 (CIs: 0.1717, 0.1855; P <
0.001) (Figure 18), providing evidence that females not only avoided genetically dissimilar
males, but mated with males of higher genetic relatedness. In line with this finding, I did not
find any evidence to support mate choice for intermediate relatedness as the variance of HDVmated was not significantly different from the variance of HDV-random (P = 0.08) (see
Appendix 3).
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Figure 18. Distribution of mean HDV-random values (10,000 simulations) in breeding event 2
for P. coriacea. Solid black line represents mean relatedness of mated pairs (HDV-mated).
Broken lines represent 2.5th and 97.5th percentile of HDV-random. Lower HDV equates to
greater genetic similarity.
5.4.5

Parent-offspring correlation in heterozygosity and relatedness

Across all sampled offspring, heterozygosity was found to be highly correlated with the
heterozygosity of both parents, with the relationship being stronger for maternal heterozygosity
(dam heterozygosity: estimate ± SE = 0.35 ± 0.06, P < 0.01; sire heterozygosity: estimate ± SE
= 0.35 ± 0.13, P = 0.05; N = 450 offspring from 86 clutches, 79 females and 162 males).
Parental relatedness (HDV) was also positively correlated with offspring heterozygosity
(estimate ± SE = 0.54 ± 0.06, P < 0.01), whereby unrelated parents produced offspring with
significantly greater genetic variability.
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5.5

DISCUSSION

Mate choice for genetic benefits remains highly topical, yet few studies have investigated
female mate choice for male genetic quality at the population level using genomic tools (Mays
et al., 2008). Here I provide a partial test of the good genes as heterozygosity hypothesis and the
genetic compatibility hypothesis using SNPs to examine relationships between the genetic
profiles of females and reproductively successful males within an entire population of redbacked toadlets. My results suggest that females did not select males (using pre- or postcopulatory mechanisms of mate choice) according to heterozygosity, despite offspring
heterozygosity being positively correlated with parental heterozygosity. Rather, in the largest of
the two breeding events (breeding event 2) I found that successful males were more genetically
similar to their mate than expected under random mating, indicating that females can use pre- or
post-copulatory mate choice mechanisms to bias paternity towards more related males
My finding that heterozygous males had no reproductive advantage in either breeding
event one or two, in combination with my finding that there was no assortative mating based on
heterozygosity, provides no support for the good genes as heterozygosity hypothesis. While
associations between heterozygosity and offspring viability are yet to be investigated in P.
coriacea, there may not be a selective advantage to producing heterozygous offspring (i.e. no
heterozygote advantage). In parallel, there may be low costs to increased homozygosity
resulting from inbreeding. In principle, selection pressure to avoid individuals with elevated
homozygosity may be weakened in populations where inbreeding has occurred over many
generations, and populations have been purged of deleterious recessive alleles (Keller & Waller,
2002; Kokko & Ots, 2006). The likelihood that my study population has reached this
evolutionary state is high because the population has persisted at the same site for at least
several decades (Mahony, M., personal communication). Moreover, the study population is
likely to have experienced frequent bouts of extreme selection against deleterious alleles.
During relatively hot and dry breeding seasons, temporary breeding pools evaporate quickly and
very few offspring survive to metamorphosis (O’Brien, D.M., unpublished data), a breeding
outcome that is common in terrestrial breeding frog species (Osborne, 1989; Hunter, 2000;
Mitchell, 2002; Byrne & Keogh, 2009).
My finding that females were more related to reproductively successful males in the
largest breeding event (breeding event two) lends support to the genetic compatibility
hypothesis. However, because this effect was not evident in breeding event one (the distribution
of mean HDV-mated values failed to provide evidence that mating patterns deviated from
random mating), my findings should be interpreted with caution. The lack of evidence for non151

random mating in breeding event one might have occurred simply because this event had a
much lower sample size than event two (only 36% of matings occurred in event 1). Breeding
event two was considered to provide most accurate representation of mating patterns within the
prolonged breeding season as 64% of matings were recorded within the event and a greater
proportion of both males and females were also present (92.7% of males and 69% of females).
Nonetheless, the lack of congruence in findings between breeding events raises the possibility
that patterns of mate choice in P. coriacea vary temporally. Plasticity in female mate choice has
been reported in various species (Ida & Karino, 2017), and temporal changes are thought to
reflect changes in either mate choice criteria and mating thresholds, or shifts in underlying
mating preferences (linked to varying costs and benefits of expressing mating preferences)
(Milner et al., 2010). Therefore, before I can draw firm conclusions about the extent to which
female P. coriacea use pre- or post- copulatory mechanisms of mate choice to bias paternity
towards more related males, further investigation into temporal variation in mating preferences
will be needed. Moreover, to provide a complete test of the genetic compatibility hypothesis, it
will be necessary to conduct experiments that investigate the influence of parental genetic
similarity on offspring fitness. Despite these limitations, the significance of my findings for
breeding event two justifies considering evolutionary explanations for non-random preferential
inbreeding.
One explanation is that outbreeding depression favours female mate choice for
genetically similar males. Negative fitness effects associated with outbreeding depression can
potentially arise through the breakup of coadapted genes complexes (Templeton, 1986).
Coadapted gene complexes are typically observed in populations that display high levels of
local adaptation, particularly genetically differentiated populations with limited dispersal and
restricted gene flow (Templeton, 1986; Keller & Waller, 2002). A high level of local adaptation
is likely in P. coriacea as toadlets exhibit extreme site fidelity between breeding years, with
low, though consistent, levels of immigration (Heap et al., 2014). Moreover, recent phylogenetic
investigation has shown that terrestrial toadlets exhibit a high-level of genetic divergence
between populations, even over very small spatial scales (Donnellan, S.C., personal
communication). Widespread genetic divergence between neighbouring populations is likely to
significantly increase the potential for genetic incompatibility between non-kin. This notion is
supported by the findings of a study in the brown toadlet (P. bibronii) where a split-clutch
factorial mating design using artificial fertilisation (AF) technologies to cross individuals from
different populations resulted in high levels of embryo failure, compared to crosses between
individuals from the same population (Byrne, P.G., Silla, A.J., unpublished data). Conducting
similar quantitative genetic breeding experiments in P. coriacea would provide an important
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next step towards understanding whether there are genetic consequences of local adaptation in
this species. Additionally, performing similar experiments within P. coriacea populations would
provide a deeper understanding of how variance in offspring fitness relates to parental genetic
quality. Studies of this nature would benefit from calculating inbreeding coefficients, which
provide an alternate method of estimating relatedness (compared to Hamming Distance Values).
Outbreeding depression may also selectively favour mating with relatives if there is a
high risk of introgressive hybridisation; the integration of genes from one species into the gene
pool of another via the repeated backcrossing of hybrid individuals with a parent species
(Lynch, 1991; Pérez‐González et al., 2017). Introgressive hybridisation can erode fitness by
disrupting coadapted complexes of epistatic genes and/or producing intermediate phenotypes
that are maladapted to the local environment (Gilk et al., 2004). Hybridisation between P.
coriacea and the red-crowned toadlet (P. australis) has recently been detected within my study
population, with evidence for introgression of P. australis alleles (O'Brien et al., 2018).
Although it remains unknown whether hybrid frogs have reduced viability, this seems likely
because high levels of embryonic mortality have been reported at hybrid zones for several other
Pseudophryne species (Woodruff, 1972; McDonnell et al., 1978). As such, genetic
incompatibilities between P. coriacea females and less related males (i.e. F1 hybrids or
introgression lines) may strongly favour female mate choice for more related males. To
comprehensively test this idea, it will be necessary to assess whether females can discriminate
between pure bred and hybrid males (using either pre- or post-copulatory mechanisms), and to
quantify the lifetime fitness of F1 and backcrossed hybrids from both sexes.
An alternative mechanism favouring mate choice for related mates might be kin
selection, whereby females increase their inclusive fitness by mating with relatives (Hamilton,
1964; Waser et al., 1986; Kokko & Ots, 2006; Puurtinen, 2011). According to Hamilton’s
theory (1964), females gain inclusive fitness benefits by mating with a relative when the
reproductive output of the relative is increased; helping spread genes that are identical by
descent (Keller & Waller, 2002). Kin selection is expected to be increasingly favoured in
contexts where large numbers of males are unsuccessful, such as observed in my study
population (69.4%). In these contexts, females might gain inclusive fitness benefits by mating
with relatives who would otherwise have been unsuccessful. Whether adult amphibians can
modify their reproductive behaviour in favour of relatives remains unknown, however, there is
compelling evidence that amphibians display altruistic behaviour during the larvae life stage. In
various anuran species it has been demonstrated that tadpoles elevate the fitness of relatives by
preferentially shoaling with kin (Waldman & Adler, 1979; Blaustein & O'Hara, 1982), or
cannibalising non-kin (Pfennig et al., 1993). If this capacity for altruistic behaviour extends into
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the adult life-stage, kin selection may be an important, though underappreciated, driver of nonrandom preferential inbreeding in anuran amphibians.
Irrespective of the genetic mechanism(s) underpinning my results, my study provides
the first evidence for female mate choice for more related males in a wild amphibian population.
This is an important finding because evidence from multiple lines of inquiry indicates that
genetic incompatibility may play an important role in amphibian mate choice. First, laboratory
based mate choice trials in frogs have shown that females prefer to mate with closely related
local males over foreign males (Cayuela et al., 2017), and controlled field breeding experiments
in salamanders have shown that male reproductive success in competitive contexts is predicted
by the degree of relatedness between mating pairs (Chandler & Zamudio, 2008). Second,
quantitative genetic experiments with multiple frog species have provided evidence for
significant levels of genetic incompatibility, both between unrelated individuals from different
populations (Sagvik et al., 2005), as well as between individuals from the same population
(Dziminski et al., 2008). Third, genetic relatedness in frogs has been shown to influence the
outcomes of sperm competition trials, whereby males that are more genetically similar to
females achieve higher fertilisation success (Sherman et al., 2008). From an ecological
perspective it stands to reason that genetic incompatibility will influence mate choice in a
diversity of amphibians because levels of genetic differentiation between amphibian metapopulations are higher than for any other vertebrate class, and levels of inbreeding are typically
extreme (Ward et al., 1992). These patterns are attributed to low dispersal tendencies (Berven &
Grudzien, 1990; Luo et al., 2015), uneven distributions of breeding sites (Driscoll, 1998;
Lampert et al., 2003), and strong breeding site fidelity (Reading et al., 1991; Heap et al., 2014).
As more studies use genomic tools to investigate patterns of female mate choice in entire
populations of wild amphibians it may become increasingly apparent that non-random
preferential inbreeding is widespread in this vertebrate class.
More broadly my study adds to a rapidly growing list of genetic studies implicating
female mate choice for kin in the wild. Among vertebrates, such patterns have now been
demonstrated in various birds (Cohen & Dearborn, 2004; Wang & Lu, 2011; Bichet et al.,
2014), mammals (Duarte et al., 2003; Sin et al., 2015), fish (Thünken et al., 2007; Langen et al.,
2011) and reptiles (While et al., 2014; Bordogna et al., 2016). Taken together, these studies call
into question the widely held assumption that inbreeding will generally have negative
consequences for populations. As emphasised by theoretical models, the tolerable threshold of
inbreeding depression might be underestimated in nature (Kokko & Ots, 2006). Another
exciting possibility is that epigenetic mechanisms that alter gene expression might elevate
phenotypic variation in populations and increase the ability of organisms to adapt to
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environmental fluctuations, in the absence of genetic variation (Feil & Fraga, 2012). Continued
use of genomic tools to evaluate the prevalence of female choice for relatives, and to
comprehensively investigate mechanisms underpinning such preferences, will advance our
understanding of the role of genetic quality as a driver of intersexual selection.
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6.1

RESEARCH FRAMEWORK

Sexual selection, by female mate choice, is a powerful evolutionary force driving the
diversification of complex traits and behaviours across most taxa (Kirkpatrick, 1982;
Andersson, 1994). As such, the study of female mate choice continues to be a major focus of
research attention among evolutionary biologists. This effort has led to a tremendous number of
studies investigating the mechanisms of choice, and the potential benefits females might gain
from discriminating between potential mates. Despite general acceptance for the occurrence and
strength of direct benefits (Møller & Jennions, 2001), the prevalence of mate choice for indirect
benefits remains highly controversial, with studies providing varying levels of support
(Tregenza & Wedell, 2000; Rosenthal, 2017). One reason for this might be that there has been a
high level of inconsistency in the investigative approaches taken. Broadly speaking, many
studies have lacked a clear approach to testing potential benefits. Some particularly important
omissions are that past investigations have failed to consider how the opportunity for intersexual
selection can fluctuate over time (particularly within breeding seasons), and in response to
dynamic environmental conditions that have the potential to influence breeding resources and
male sexual display. As a result, critically important aspects of mating systems have often been
overlooked, including sex-specific responses to social and climatic factors, the true mating
success of all individuals within a population, variation in mate/resource quality, and the
occurrence of alternative reproductive tactics. Oversights of this nature can lead to potentially
misleading inferences regarding the strength and direction of intersexual selection, particularly
among prolonged breeding species with cryptic mating behaviours. Furthermore, it is paramount
that studies incorporate genetic techniques to accurately quantify mating success, assign
parentage and/or attribute male genetic quality, as past studies based on observation data alone
are often unreliable (Hughes, 1998; Griffith et al., 2002).
Given this gap in knowledge, combined with a general lack of robust and
comprehensive empirical testing of competing hypotheses, the objective of my thesis was to
employ a holistic bottom-up approach to understanding the mating system of the red-backed
toadlet (and the adaptive significance of female mate choice). This was achieved by first
exploring general aspects of the species’ ecology, followed by quantification of the genetic
mating system as a platform to generate hypotheses concerning potential direct and indirect
benefits of mate choice. This comprehensive approach was taken with a view towards providing
an accurate understanding of the operation of sexual selection, and, in turn, conceiving targeted
investigations designed to uncover mate choice benefits. Selection of red-backed toadlets, P.
coriacea as a model system was largely based on the potential for female mate choice in this
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species. Female anurans are known to utilise various means to assess males, and, in most
species studied to date, females appear to be highly selective (Arak, 1983; Sullivan &
Kwiatkowski, 2007). As such, there is considerable potential for direct and indirect benefits of
choice. Anurans also provide the opportunity to study large numbers of breeding individuals,
and their mating patterns, with relative ease because adults typically congregate to reproduce,
and fertilisation is external (Duellman & Trueb, 1986; Wells, 2010). Furthermore, many species
have protracted breeding seasons (Wells, 1977), allowing for extended female mate assessment.
The primary aim of my thesis was to investigate the breeding biology and mating
system of P. coriacea, with a view towards unravelling patterns of mate choice and benefits of
choice. My initial investigations were focussed on understanding the general reproductive
ecology of the species and elucidating the social and environmental cues for breeding (Chapter
2). I then resolved the genetic mating system for an entire population of P. coriacea (Chapter 3),
and the findings of this work provided the foundation for exploring mating patterns indicative of
mate choice for direct benefits (Chapter 4), and testing for genetic benefits of mate choice
(Chapter 5). Collectively, this work is particularly valuable because it involved an entire
population of a single species over a prolonged breeding season using exhaustive sampling
techniques combined with sophisticated genetic tools. Comprehensive studies of this nature are
rare.
Initial investigations revealed that male and female P. coriacea respond differently to
climatic and social cues (Chapter 2). Specifically, male arrival and sexual display was heavily
predicted by climatic conditions, which most likely reflects the benefits to individuals of
claiming territories that are essential for effective advertisement and reproduction. By contrast,
females primarily restricted breeding activity to periods during which male presence (and male
sexual display) was maximal. My prolonged field study also identified that breeding activity
fluctuated considerably over the 4-month season, with two major peaks in breeding activity
observed. Building on this, genetic investigations revealed that almost all females were
genetically monogamous, indicating that females are highly discriminatory in their choice of
mates (Chapter 3). Mating success was also heavily skewed towards a subset of males, however,
only a fraction of males secured multiple mates, suggesting that certain males may have
phenotypes, or resources, that are particularly attractive to females. These findings drew
attention to ‘good genes’ and ‘compatible genes’ arguments for the evolution of mate choice, or
the possibility of material benefits. Female preference for certain nest-sites showed that nests of
higher soil moisture and soil pH received more eggs, which indicates that males are likely to
compete for certain nests, forcing consideration of how intrasexual selection might mediate
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intersexual selection, and the potential for direct benefits of mate choice associated with
increased offspring survival (Chapter 4). Analysis of female preference for male genetic quality
revealed that successful males were more related to their mate than non-successful males,
providing evidence for genetic compatibility benefits of mate choice (Chapter 5). I will discuss
the importance of these findings in detail, with an emphasis on discussing how the results of my
work contribute more widely to our understanding of the evolutionary causes and consequences
of mate choice.
6.2

SOCIAL AND ENVIRONMENTAL CORRELATES OF BREEDING

The first step taken towards examining the evolution of female mate choice in P. coriacea
sought to understand the reproductive ecology of the species and how various climatic cues
influence breeding activity between the sexes. Critically, there was a need to gain a basal
understanding of the temporal and environmental conditions which support male advertisement
and female oviposition, and relationships likely to influence opportunities for mate choice. To
achieve this, I monitored the study population daily and nightly throughout the 4-month
breeding season to determine the exact cues males and females use to coordinate reproduction.
By recording daily arrival of adults, I was able to ascertain that males entered the breeding site
much earlier than females. While not uncommon, asynchronous arrival of the sexes to breeding
sites is an important feature of the P. coriacea mating system for several reasons. Firstly,
inspection of the climatic correlates of male arrival revealed that rainfall and temperature are the
primary factors influencing activity, indicating there may be physiological constraints on male
movement. This is not surprising given that amphibians are susceptible to desiccation due to
their highly permeable skin (Duellman & Trueb, 1986), and the fact that amphibians (and
ectotherms in general) rely heavily on ambient temperatures for metabolic processes (Pough,
1980). However, early arrival by males generally indicates that males probably benefit through
the acquisition of high-quality territories and/or by maximising opportunities to encounter
females (Kokko, 1999; Morbey & Ydenberg, 2001). As revealed through subsequent analysis
(see Chapter 4), males that secured higher quality nest-sites, with greater soil moisture and soil
pH, achieved greater mating success (discussed in Section 6.4). As such, there appears to be a
direct benefit to arriving early, most likely associated with advantages that flow from resolving
territorial disputes over high quality nest-sites generally sought after by females. Furthermore,
my investigations have also shown that females are genetically monogamous (see Chapter 3),
providing additional reason to suspect that early male arrival is favoured because females rarely
re-mate, as it appears as though opportunities for successful mating decline later in the breeding
season (discussed in Section 6.5).
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In general, female arrival was heavily predicted by male nightly calling activity, though
various climatic factors (rainfall, humidity and barometric pressure) also impacted female
behaviour. Correlations with climatic factors suggest that female movement behaviour is
temporally constrained, with individuals typically relying on wetter conditions to approach the
breeding site. However, females were found to be predominately attuned to social cues that are
likely to provide information on the number of receptive males within the breeding site.
Maximising the number of potential mates is likely to be important to females as greater
numbers of advertising males increase opportunities for mate choice (Forsman & Hagman,
2006; Swanson et al., 2007). My finding that male investment in calling activity was correlated
with soil moisture within the nest (see Chapter 4) also demonstrates that females may use social
cues not only to determine the number of available mates, but also to remotely assess nest-site
conditions (potential form of mate choice) (Mitchell, 2001). Investigations by Bradford and
Seymour (1988) have shown that the survival of Pseudophryne embryos are greatly affected by
the water potential of substrates in contact with the egg capsules. Therefore, females may
possess the ability to use male call traits to reliably assess nest-site conditions essential for
successful offspring development. Exploiting inadvertent social cues may reduce costs
associated with premature arrival to the breeding site, such as energy expenditure, increased
exposure to predators and heightened risk of desiccation (Rittenhouse et al., 2009; Dervo et al.,
2016).
Crucially, these detailed observations revealed that breeding activity (reflected by the
total number of each sex present at any given time and male investment in sexual display),
fluctuated greatly throughout the breeding season, and in response to certain climatic conditions.
Knowledge of exactly when opportunities for female assessment are likely to be greatest,
provides a platform for examining how specific factors (e.g. peaks in male advertisement,
breeding site conditions) influence female mate choice, and the potential for intersexual
selection. During the breeding season studied, two significant rainfall events led to the breeding
site flooding and nests becoming temporarily inundated. Breeding site flooding signified the end
of a breeding event. In the case of the first breeding episode, reproductive activity could only
resume once water levels receded. This division of the breeding season meant that mate choice
needed to be studied as two separate events, with specific consideration of the individual adults
present during each period (some individuals left the site following the first breeding event,
while some individuals arrived during the second event). The importance of this variation was
revealed when it was found that female mate preferences differed between breeding episodes
(see Section 6.5), particularly in regard to patterns of mate choice based on male genetic quality.
Without an intricate understanding of breeding population dynamics across time, there is a
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strong potential that studies of mate choice will provide an unrealistic ‘snap-shot’ view of the
mating system. Arguably, failing to account for variation in climatic and social conditions that
influence breeding activity will lead to an over-simplification of a species reproductive ecology,
particularly if the costs and benefits of certain mate choice strategies vary throughout breeding
seasons (i.e. are context-dependent).
The importance of considering changes in mating preferences was highlighted in a
review on the causes and consequences of variation in female mating behaviour by Jennions and
Petrie (1997), which stressed the circumstantial benefits of mate choice, and the costs of
choosiness at a given time. Specifically, it was deemed essential that studies incorporate
knowledge of “preference functions” (i.e. how females rank males) (Kirkpatrick et al., 2006);
and the propensity of females to invest in mate assessment (Jennions & Petrie, 1997). In
accordance with this way of thinking, my initial investigations on P. coriacea, were able to
identify the specific conditions or circumstances which promote opportunities for mate choice,
providing context to my more detailed investigations into the benefits of mate choice.
While the population was intensively studied over the course of an entire breeding
season, I acknowledge that sex-specific breeding behaviours are likely to vary between seasons
and populations, according to the geographic and climatic context. Therefore, continued study
of the P. coriacea mating system (encompassing various populations across the species range
over time) will be needed to draw firm conclusions about the intensive and adaptive significance
of female mate choice in this species. This need extends to studies of amphibian reproductive
ecology more broadly. Future studies aimed at investigating seasonal variation, and/or
differences between populations, will provide valuable comparisons and allow greater
understanding of mate choice variation, particularly in prolonged breeders which have a high
potential for female mate choice.
6.3

GENETIC MATING SYSTEM

The second step towards understanding mate choice patterns in P. coriacea involved
quantifying the genetic mating system of an entire population, over a prolonged breeding
season. Gaining fundamental data on the number of mates each sex obtains is necessary to
predict the degree and direction of selection acting on a species (Emlen & Oring, 1977; Shuster,
2009). In order to develop a comprehensive understanding of the mating system, investigations
should aim to combine life-history data and ecological knowledge to fully understand the
implications of variation in individual mating success. Through my earlier investigations
(Chapters 2), it was concluded that the potential for selection to be acting on males is strong
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because the operational sex ratio is male biased (during both breeding events). As reported in
Chapter 3, it is widely acknowledged that classifying animal mating systems based on
observation alone (referred to as the social mating system) can be extremely misleading,
highlighting the need to employ sophisticated genetic techniques to reliably assign parentage to
offspring. In my investigations, single-nucleotide polymorphisms were used to determine
parentage of 505 offspring from a pool of 371 adults (see Chapter 3). This robust parentage
assignment provided the ability to accurately quantify the mating success of all individuals in
the population, including the proportion of individuals securing multiple mates, and the
incidence of multiple paternity within nests.
The population-wide genetic analysis revealed that almost all females mated with a
single male (providing evidence for genetic monogamy), and that paternity was skewed towards
a subset of males, indicating variation in male attractiveness. Of the successful males, very few
managed to secure multiple females, with the vast majority of males mating with a single
female. Taken together, this evidence suggests there is strong potential for intersexual selection.
While the operational sex ratio, and variation in mating success, are often used to predict the
strength of sexual selection, it is acknowledged that accurate assessment requires the collection
of additional information (Klug et al., 2010; Jennions et al., 2012). This includes, the ability of
males to control or monopolize mates and/or the resources that females require for successful
reproduction (Emlen & Oring, 1977). As such, how males acquire mates in the P. coriacea
population (i.e. the process underlying unequal mating success) became a focus of attention.
Further examination of the parentage results, within individual nests, provided some
indication as to the potential for resource or mate monopolisation. Although most nests
contained offspring of a single male and female, 18% percent of nests contained multiple
clutches assigned to separate male and female pairs (sequential matings). This result suggests
that the primary male strategy is to construct a nest (by excavating a small chamber in the soil)
and attract a female to the nest-site (the influence of various nest characteristics to male
advertisement and females mate choice are discussed in Section 6.4 below). The uneven
distribution of nest success suggests that females may be preferring certain males, or nests, over
others. Furthermore, an additional 14% of nests contained multiple clutches that were sired by
multiple males. In these instances, males are thought to be employing various alternative
reproductive tactics (ARTs) to increase their chances of mating. One tactic males seem to
employ involves competing for an established nest. Successful interlopers are likely to evict the
resident male from the nest, assume control of the nest, and attempt to attract a female (nest
take-over). Evidence for such nest take-over comes from the result that offspring within
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individual nests were assigned to different males and females. Males may be able to evaluate
nest quality, and strategically attempt take-overs of high-quality nests. Beyond assessing the
nest qualities themselves, males may also be able to use the presence of eggs as an indicator of
nest attractiveness. Although it remains unknown whether males have this capability, in various
anurans there is evidence that ovipositing females prefer sites with conspecific offspring
because they indicate some form of nest suitability (Rudolf & Rödel, 2005; Lin et al., 2008).
Another strategy used by males, though much less common, appears to be sneaking, whereby
males join mating pairs and attempt to fertilise the female’s eggs (simultaneous polyandry)
(Roberts & Byrne, 2011). The finding that some nests contained eggs assigned to multiple males
but only a single female, indicates that some male P. coriacea act as sneaks, though why this
behaviour was so uncommon remains unclear.
Collectively, these findings illustrate that competition among males for nest-sites is
considerable, with certain males monopolising breeding resources. Such strong competition
over nest-sites, combined with a strong skew in male mating success, and male biased operation
sex-ratio (as reported above), suggests that the intensity of sexual selection on males is likely to
be considerable. Investigating the targets of selection would be a valuable future direction.
An important finding of the study was how the genetic mating system of P. coriacea
contrasted with that of a congener. During the project’s conception, I forecast that the P.
coriacea mating system would resemble that of the brown toadlet (P. bibronii), a species that
shares similar life-history traits. Previous genetic work by Byrne and Keogh (2009)
demonstrated that P. bibronii is characterised by extreme sequential polyandry, with 100%
females distributing eggs across the nests of multiple males to insure against nest failure.
Importantly, Byrne and Keogh (2009) suggested that the distribution of eggs across multiple
nests is a female insurance strategy to reduce the impact of nest failure. Given the indiscriminate
pattern of egg deposition, females were thought to be incapable of predicting nest-site success.
As my studies progressed, it became increasingly clear that the P. coriacea mating system was
vastly different to that of P. bibronii. Firstly, observations revealed that the proportion of nests
in which females deposited eggs (32.3%) was considerably less in P. coriacea than that reported
in P. bibronii (87.3%). Furthermore, paternity analysis showed that the distribution of male
mating success in P. coriacea was biased towards a much smaller percentage of males (30.6%)
than reported for P. bibronii (79.2%). Such contrasting findings suggest there is a much higher
level of male-male competition in P. coriacea, and, in turn, greater potential for intrasexual
selection. In support of this, parentage analysis concluded that only 4% female P. coriacea
mated sequentially with multiple males, contrasting with P. bibronii where 100% of females
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were reported to be sequentially polyandrous. Such differences strengthen the view that closely
related species with similar life histories can experience dramatically different intensities of
sexual selection, underscoring the importance of studying genetic mating systems. Divergent
mating systems in similar species present excellent avenues to examine how ecological factors
influence the value of direct or indirect benefits of mate choice.
6.4

POTENTIAL FOR DIRECT BENEFITS OF MATE CHOICE

Knowledge of the distribution and abundance of resources, particularly those which are
important to successful reproduction, are key to understanding mating system variation and the
intensity of sexual selection (Emlen & Oring, 1977). Thus, if certain males can control
resources that females benefit from accessing, selection acting on males is likely to be
significant. Given this, the next step in my research was to understand if male defended
resources (nests) are an important aspect of female choice in P. coriacea. Being a prolonged
breeding anuran, female mate assessment is protracted, providing extended opportunities for
males to establish, defend and advertise nests (Duellman & Trueb, 1986). Among the genus
Pseudophryne, it is known that desiccation is one of the greatest risks to early offspring survival
(Woodruff, 1976b; Bradford & Seymour, 1988). Embryos deposited in terrestrial nests (shallow
chambers amongst loose soil and leaf litter) are in direct contact with the substrate, allowing egg
capsules to take up moisture from damp substrates proving a reservoir to hydrate the embryo
(Woodruff, 1977b; Duellman & Trueb, 1986). Consequently, drying of nest substrates can lead
to dehydration of egg capsules resulting in catastrophic mortality of egg clutches (Woodruff,
1976a; Byrne & Keogh, 2009). The moisture content of the nest, and its influence on the
hydration state of the terrestrial egg clutches, is particularly important because eggs may be
required to delay hatching for several months (depending on yolk reserves) until embryos are
able to hatch into free-swimming tadpoles (Bradford & Seymour, 1985; Martin, 1999; Thumm
& Mahony, 2002). Furthermore, the acidity of nest substrates has been proposed to influence the
growth and development of terrestrial anuran embryos (Chambers et al., 2006). Therefore, if
nests vary in soil moisture and pH, it is expected that females may prefer nests which support
optimal embryonic development. To test this, volumetric soil water potential (VSWP) and soil
pH were measured across all nest-sites constructed and held by males within a population of P.
coriacea. The VSWP and pH of successful nests (those containing eggs) and unsuccessful nests
(those not containing eggs) was compared to determine if females exhibit a preference for
abiotic nest traits. Furthermore, the influence of nest moisture and nest pH on male calling
activity was explored, as nest conditions may influence the capacity of males to acoustically
advertise, which females may use as a cue to indirectly assess nest moisture (Mitchell, 2001).
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As expected, females were selective in their choice of nests, preferring to deposit eggs
in wetter rather than drier nests. Females also preferred nests with high maximum soil pH (i.e.
the least acidic nests from a set of nests that were all in acidic soil). Together these findings
indicate that males who advertise from moist nests with higher pH achieve higher mating
success. As such, if females are discriminating against males and the quality of their nests,
strong selection is likely to be acting on males to establish high-quality nests, or to compete for
high-quality nests defended by rival males (i.e. attempt nest take-over). Furthermore, a strong
positive relationship was found between both nest moisture and nest pH on the number of nights
nests were advertised. This indicates that abiotic characteristics of the nest may physiologically
constrain the calling activity of resident males (Pough et al., 1983; Mitchell, 2001). As such, it
may be adaptive for males to secure wetter nests that allow for prolonged advertisement. While
the implications of soil pH on male advertisement remain unexplored, soil moisture has been
proposed to limit the calling potential of males due to the increase risk of dehydration (Mitchell,
2001). The consequences of variation in nest-quality are potentially twofold, in that moist nests
seemingly allow males to advertise to females more often, and also provide suitable conditions
for embryonic development, which may be attractive to females. As such, males in wetter nests
may be able to acoustically advertise the quality of their nest to females through greater chorus
participation, facilitating mate selection. Similar examples of communicating nest quality
acoustically are found in the Emei music frogs (Babina daunchina), where males encode
information in their calls that signal nest structure (Cui et al., 2011). Indirect assessment of male
resources, through acoustic properties are potentially widespread among anurans and may
provide a fruitful avenue for future research.
Among anuran amphibians, it is widely acknowledged that sexual selection appears to
favour males that invest more intensively in acoustic advertisement than other males (Halliday
& Tejedo, 1995; Gerhardt & Huber, 2002). Males that advertise more frequently within nights,
or on a greater number of nights, generally improve their chances of obtaining a mate (Murphy,
1994). There are a number of reasons for this; first, males that advertise more often can increase
their mating success as they are more detectable to females, particularly if female arrival to
breeding sites is sporadic or progressive (as I observed in P. coriacea) (see Chapter 2). Second,
the ability to invest in acoustic advertisement can depend on male body condition, which
potentially indicates male genetic quality to females (Welch, 2003). Third, male advertisement
may be dependent on the environmental context, particularly if fine-scale variation among
microhabitats enables some males to advertise more than others (Brooke et al., 2000). In P.
coriacea, the strong association between calling and nest moisture suggests that there is a
physiological link (see Chapter 4), however, it remains unclear at this stage if nest moisture
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directly or indirectly influences male mating success.
While vocalisations may encode information about the quality of the male or the nest, a
major functional aspect of calling is to advertise availability to a female, and signal location,
particularly when visual cues are unavailable (Duellman & Trueb, 1986; Gerhardt & Klump,
1988; Gerhardt, 1995). Females that are attracted to a male’s calling site then have the
opportunity to inspect the nest before initiating amplexus. Among anurans, it is well reported
that females exhibit preferences for oviposition sites, however, the vast majority of studies
report female choice based on the presence of predators or conspecifics (Halloy, 2006; Buxton
et al., 2017). Fewer studies have tested, or provide evidence, that females have the capacity to
assess abiotic characteristics of nests constructed by males. Female Hyla rosenbergi have been
shown to physically inspect a male’s nest (shallow, waterfilled basin) before accepting or
rejecting the male (Kluge, 1981). Here, females enter the nest, swim in circles and repeatedly
dive to the bottom, presumably to assess the water volume of the nest which is important to
larval survival (Kluge, 1981). Furthermore, in ornate nursery frogs (Cophixalus ornatus),
females have been observed to assess structural characteristics of male constructed chambers
(nest depth and nest materials), often rejecting males with nests that were deemed more
vulnerable to predation (Felton et al., 2006). While scarce, these reports, indicate that some
female anurans possess the ability to assess complex nest traits known to be affect offspring
viability. While I did not attempt to directly observe female P. coriacea inspecting nest-sites,
preferential oviposition of eggs within moist, less acidic nests suggests that females may be able
to assess the abiotic characteristics of nests prior to mating. Females are potentially able
evaluate nest moisture, via skin on the ventral surface known to be utilised among other anurans
to absorb water (Stille, 1958; Hillyard et al., 1998; Ogushi et al., 2010). However, it is also
possible that females exert choice for male genetic quality (among those males advertising from
high-quality nests), which became the focus of my subsequent investigations (see Section 6.5).
For non-aquatic breeding anurans, there is generally less predation risk and competition
from heterospecifics that would typically be associated with permanent aquatic habitats
(Duellman & Trueb, 1986). However, depositing eggs away from water presents a suite of novel
risks to reproduction, often requiring careful selection of oviposition sites. This is exemplified
in species which have reproductive modes characterised by a terrestrial embryonic phase and
aquatic larval phase. Among these species, the risks to offspring survival are further exacerbated
when unpredictable environmental conditions are required to trigger hatching, and where larval
development is confined to small, temporary pools. Arguably, Pseudophryne spp. experience
some of the most intense risks to reproduction among all anurans, evidenced by extreme
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variance in reproductive success within and between breeding events, and breeding years
(Hunter, 2000; Thumm & Mahony, 2002; Byrne & Keogh, 2009). Given this, it is expected
there is strong selection pressure acting on reproductive behaviour in Pseudophryne spp.,
leading to evolution of strategies (and mating systems) that mitigate these risks. Empirical
investigations have shown that a number of members of the genus Pseudophryne (P. bibronii
and P. australis) exhibit mating patterns that are consistent with insurance or bet-hedging
strategies, such as sequential polyandry (Byrne & Keogh, 2009) and continuous iteroparity
(Thumm & Mahony, 2002). Among these species, females appear to distribute their
reproductive efforts temporally and spatially to reduce the risk of reproductive failure.
Consequently, it has been suggested that females adopting these strategies are incapable of
reliably predicting nest-site success or conditions suitable for reproduction. However, mounting
evidence for P. coriacea indicates a contrasting strategy - monandry. This may be an alternative
evolutionary response to unpredictable climatic conditions. Specifically, females may have
evolved the ability to predict nest-site success based on abiotic nest traits, relaxing selection
pressure for bet hedging type strategies. As such, nest-site choice could be a fundamental
mechanistic component of mate-choice for direct benefits in P. coriacea.
To validate the findings of preferential nest choice in P. coriacea, and the potential for
direct benefits, future studies should seek to measure embryonic survivorship through to
hatching between nests that vary in soil moisture and soil pH. While similar investigations have
been conducted on Pseudophryne spp. in controlled laboratory conditions (Bradford &
Seymour, 1988; Chambers et al., 2006), no such work exist for natural populations.
Furthermore, it would be beneficial to better understand the importance of the location of nests
in relation to rising water levels during flooding events within breeding sites. Males that
position their nest at slightly higher elevations within breeding sites often remain with a nest
that never floods, resulting in catastrophic reproductive failure (O’Brien, D.M., unpublished
data). Therefore, the spatial positioning of nests may be an important factor influencing female
nest-site selection, however, this is yet to be explored. Finally, there are also opportunities to
examine the effect resident males have on developing embryos. While there is currently no
evidence to suggest that males exhibit any care of eggs during the time they are in the nest
(Woodruff, 1977b; Thumm & Mahony, 2002), the influence of male attendance on offspring
viability requires empirical testing to conclusively rule out the possibility that there is mate
choice for paternal care.
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6.5

POTENTIAL FOR GENETIC BENEFITS OF MATE CHOICE

One of the most debated topics concerning the evolution of mate choice is the general relevance
of indirect genetic benefits (Kokko et al., 2003). While it is understood that sexual selection is a
pervasive evolutionary force (Kirkpatrick, 1982; Andersson, 1994), the relative importance of
indirect fitness benefits arising from female mate choice remains controversial (Kotiaho &
Puurtinen, 2007). Furthermore, some contention has stemmed from insufficient tests of the
hypothesis regarding mate choice for genetic benefits (Achorn & Rosenthal, 2020).
Fundamentally, it is important that studies exploring the genetic benefits of mate choice adopt
approaches that first examine female preference in the wild, prior to developing tests concerning
the potential fitness consequences of choice. Despite some investigations seeking to examine
genetic mate preferences as a priority, past studies have often lacked robust approaches. Some
downfalls include limiting investigations to brief time periods within breeding seasons,
restricting sampling to subsets of individual within populations, or carrying out studies in
unnatural environments. In addition, almost all past studies have employed microsatellite
markers to understand genetic relationships, however, the use of single-nucleotide
polymorphisms (SNPs) is now strongly preferred due to their improved power to estimate
genetic and population parameters required to accurately assign parentage, estimate genetic
quality and/or relatedness between individuals (Hauser et al., 2011; Allendorf, 2017).
Knowledge acquired in Chapter 2, 3 and 4 informed my approach to begin testing for
genetic benefits of mate choice in P. coriacea. Importantly, it was realized that opportunities for
mate choice are highly variable within the breeding season because climatic and social
conditions fluctuate, influencing the patterns of arrival for each sex, and the potential for
investment in sexual display (see Chapter 2). Furthermore, genetic analysis demonstrated that
female monogamy was prevalent, implying that females may be highly selective in their choice
of mates (see Chapter 3). Examination of female mate preferences based on nest quality
provided strong support that females favour nest traits likely to increase offspring survival (see
Chapter 4). Only through the acquisition of such detailed information can suitable tests for
genetic benefits be devised.
In chapter 5, I provided a simultaneous test of two competing hypothesis for the
evolution of mate choice based on genetic quality. This work involved evaluating female mating
preferences in an entire, natural population of P. coriacea during two distinct, consecutive
breeding events. The overarching goal of this study was to uncover mating patterns necessary to
direct future investigations aimed at understanding the effect on parental genetic differences on
offspring fitness. Tests revealed that genetic diversity (heterozygosity) of successful males was
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not shown to be different to unsuccessful males, providing no evidence for the ‘good genes as
heterozygosity hypothesis’. Rather, estimates of genetic relatedness between females and their
mates, was found to be significantly higher than expected under random mating (among males
available during the same breeding event). Fundamentally, mate choice for genetic
compatibility contrasts with the good genes hypothesis in that mate preferences of individual
females are unique according to genetic relatedness, as opposed to females preferences for
universally attractive males carrying ‘good’ genes (Kempenaers, 2007). As such, mate choice
based on genetic compatibility can have important implications on the evolutionary dynamics of
sexual selection (Tregenza & Wedell, 2000), discussed further below.
Explanations for non-random mating preferences for genetic compatibility benefits are
most often explained by inbreeding avoidance (mate choice for unrelated males) (Tregenza &
Wedell, 2000; Szulkin et al., 2013), while disproportionately fewer studies have sought to
explain mate choice for related males i.e. preferential inbreeding. Among species where females
prefer to mate with genetically similar males, outbreeding avoidance has been proposed to drive
such non-random mate choice (Waldman & McKinnon, 1993; Pérez‐González et al., 2017).
This may well be the case for P. coriacea because mate choice for genetic similar males may
incur fitness costs associated with either introgressive hybridisation (Lynch, 1991; Pérez‐
González et al., 2017), or the break-up of locally adapted gene complexes (Templeton, 1986). In
support, individuals of a closely related species, the red-crowned toadlet (P. australis), were
detected within the study site, in addition to a small number of hybrid adults (see Chapter 3).
The potential for hybridisation among the genus appears to be considerable, as many species
overlap in distribution, share similar life-history traits and have similar call structures
(Woodruff, 1972, 1981). To date, hybridisation has been detected among 6 of the 14 described
Pseudophryne species (Woodruff, 1977a; McDonnell et al., 1978; Payne, 2014; O'Brien et al.,
2018; Hunter, 2020). Genetic incompatibility, via hybridisation, has also been shown to incur
fitness costs, evidenced by high levels of embryonic and larval mortality in several
Pseudophryne species (McDonnell et al., 1978; Osborne & Norman, 1991). Taken together, this
information suggests there is a high risk to genetic incompatibility between P. coriacea and P.
australis, which may drive female choice for more related males.
In addition, there may be the potential for within-species costs, leading to preferential
inbreeding. The loss of locally adapted genes or the breakup of coadapted gene complexes are
posited to result in lower fitness among offspring as populations may be adapted to different
environmental conditions (Templeton, 1986; Edmands & Timmerman, 2003). Locally adapted
genes or coadapted gene complexes are typically established among genetically differentiated
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populations due to environmental adaptation (Templeton, 1986). Thus, by mating with distantly
related individuals, coadapted gene complexes may be disrupted, resulting in phenotypes less
suited to the local conditions (Shields, 1993). The risk of outbreeding depression may be
heightened in Pseudophryne spp. due to a number of factors, including high levels of genetic
divergence among populations (Donnellan, D.C., personal communication), strong site-fidelity
(Heap et al., 2014) and limited dispersal capabilities, all of which are likely to restrict gene flow
(White, 1993). As such, detrimental gene interactions may occur if females mate with unrelated
males. Quantitative genetic experiments among anurans, have confirmed that genetic
incompatibilities can arise between individuals of different populations and between individuals
of the same population (Sagvik et al., 2005; Dziminski et al., 2008; Eads et al., 2012; RudinBitterli et al., 2018). Recently, Byrne et al. (2019), used artificial fertilisation techniques to
demonstrate nonadditive genetic effects (sire by dam interaction effect) on early offspring
viability using individuals from a single population of P. bibronii. Cross-classified breeding
experiments have also been recently conducted on P. coriacea using males and females from a
single population (breeding population reported throughout this thesis) producing similar results
to those reported by Byrne et al. (2019), whereby certain sire by dam combinations resulted in
genetic incompatibilities among embryonic and larval life stages (O’Brien, D.M., unpublished
data). While continued research is required to understand the overall fitness consequences of
mating with related males, there is growing reason to suspect that genetic incompatibility, as a
result of outbreeding depression, may be important driver of mate choice in P. coriacea.
More broadly, amphibians in general may be highly susceptible to outbreeding
depression because most species are characterised by low dispersal tendencies (Driscoll, 1998),
patchy distributions of breeding habitats through the landscape (Sagvik et al., 2005), and high
site fidelity (Sinsch, 1990). In support of this argument, amphibians are reported to have the
highest genetic differentiation between populations among any vertebrates class (Ward et al.,
1992; Driscoll, 1998). Consequently, the risk of genetic compatibility between individuals from
different populations is expected to be high. Therefore, it is also expected that females in many
species will have evolved specialised mating strategies to mitigate the risks associated with
outbreeding depression. For instance, emerging evidence suggests that genetic benefits may be
an important driver of polyandry in anuran amphibians (Roberts & Byrne, 2011; Byrne &
Roberts, 2012), particularly where between-population genetic structuring increases the
potential for genetic incompatibility. However, stringent mate preferences according to male
genetic relatedness, among monogamous species, may also provide support for genetic benefits
in anurans. Currently, compatibility effects in species with highly stringent mate choice have
received far less attention than polyandrous species, however, greater research directed at
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monandrous systems will undoubtably improve our understanding of the relative importance of
genetic benefits and the mechanisms driving mate choice.
Subsequently, how females assess males based on genetic similarity poses an interesting
question. Among anurans, evidence suggests that genetic information can be encoded in calls.
For example, in American toads, it has been shown that multiple parameters of male
advertisement calls correspond with their genetic similarity (Waldman et al., 1992). However,
chemical signals may present another means by which females may be able to assess the genetic
similarity or quality of potential males (Penn, 2002; Mays & Hill, 2004; Byrne & Keogh, 2007),
as occurs in other vertebrates (Penn, 2002; Heth et al., 2003). It is important to consider how
females are assessing males as this may help us to pinpoint targets of selection. While, mate
choice for ‘good genes’ is expected to select for traits indicating heritable fitness (Mays & Hill,
2004), sexual selection for genetic compatibility depends on non-additive genetic effects
(interactions between parental genes). As such, selection for genetically compatible males,
among systems where females are genetically monogamous, are unlikely to result in directional
selection (Birkhead, 1998; Neff & Pitcher, 2005). However, direct selection may act on the
genes underlying the mechanism used to acquire compatible genes, but not on the compatible
genes themselves (Neff & Pitcher, 2005). Nonetheless, the consequences of mate choice for
genetic compatibility on the evolution and maintenance for sexual selection warrants greater
empirical investigation.
As discussed in Section 6.4, the potential for both direct and indirect effects to be acting
on mate choice, and the importance of the environmental context, requires greater consideration
among taxa. As my investigations have demonstrated, females are potentially adjusting mate
choice decisions depending on the social and/or climatic factors. My finding that females
exhibited a preference for male genetic relatedness in the second breeding event, but not the first
breeding event (where certain nest traits predicted mating success), indicates that choice may be
plastic and context dependent. As such, if favourable environmental conditions reduce the need
to base mate choice decisions on material benefits, females may be afforded greater potential to
exert choice according to male quality and potential genetic benefits. Flexible mate choice may
be common among anurans as females of some species can modify their mating preferences, for
male quality, in response to chances in the social and abiotic environment (Baugh & Ryan,
2009; Cayuela et al., 2017b). The need to consider dynamic mate choice for various benefits
among prolonged breeding species is particularly important and can only be realised by
studying mating behaviours and environmental conditions over entire breeding seasons, as
reported here. Comprehensive studies of this nature are likely to provide a greater understanding
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of how mate choice operates in species with complex mating systems. To this end, studies
should aim to test competing hypotheses to better understand the role of direct and indirect
benefits in the evolution of mate choice. This is particularly important because these hypotheses
are not mutually exclusive and both mechanisms likely contribute to the evolution of mate
choice in a diversity of species.
6.6

BROAD CONTRIBUTION OF KNOWLEDGE

In this thesis, I have presented the results of a series of field and genetic investigations that
explored patterns of female mate choice and the potential benefits of mate choice, in the redbacked toadlet (P. coriacea). My systematic approach initially set out to understand critical
facets of the species’ reproductive ecology and mating system by intensively studying an entire
population throughout a complete breeding season. By combining exhaustive field sampling and
sophisticated genetic techniques, I identified social and ecological factors likely to influence
opportunities for sexual selection which, combined with an investigation of the genetic mating
system, revealed enormous potential for female mate choice. Based on this knowledge, I
devised investigations to elucidate the potential for direct and indirect benefits of mate choice.
Despite an explosion of studies on sexual selection over the past three decades
(Andersson & Simmons, 2006; Mays et al., 2008), the validity of indirect benefits continues to
be a strongly debated topic (Kotiaho & Puurtinen, 2007). Understanding the relative importance
of direct and indirect benefits has now become a major focus of attention, yet many studies lack
fundamental knowledge of model systems when testing the magnitude and strength of benefits
(Klug et al., 2010). In addition, many empirical investigations fail to consider population-wide
mating patterns over time, and factors likely to affect the opportunity for sexual selection. As
such, my holistic approach addressed a suite of methodological oversights that commonly
plague empirical studies of mate choice. Furthermore, investigations testing for genetic benefits
of mate choice have been taxonomically biased towards birds and mammals (Amos et al., 2001;
Klemme et al., 2008; Mays et al., 2008; Ryder et al., 2009), with far less research effort directed
towards lower vertebrates. Surprisingly, one group that has been almost entirely overlooked are
anuran amphibians, despite widespread evidence for mate choice, and their high amenability to
field- and lab-based research. With a view towards addressing these knowledge gaps, my thesis
focused on exploring the adaptive significance of mate choice in a terrestrial breeding anuran
(P. coriacea).
The key findings of my initial investigation (Chapter 2) provided essential information
concerning the study population and the general reproductive ecology of this species.
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Knowledge of the operational sex-ratio throughout the breeding season, and the sex-specific
cues that males and females use to coordinate reproduction, indicated there is likely to be strong
opportunities for sexual selection (Emlen & Oring, 1977; Klug et al., 2010). My investigations
showed that fine-scale changes in the social and climatic environment can have considerable
implications on nightly mating behaviour. Specifically, investigations revealed peaks in male
sexual display (male availability to females) and identified periods when females were present
throughout the breeding season (opportunities for female mate choice). The results of this study
are among the first to demonstrate that various combinations of climatic and social cues
differentially predict breeding activity among males and females in a prolonged breeding
species. While, knowledge of this kind is critical for interpreting patterns of mate choice, it is
only by studying populations on a continuous basis, for prolonged periods, can we begin to
understand the extent to which reproductive behaviour can fluctuate within a species over a
breeding season.
The next important contribution of my work involved determining the genetic mating
system of the P. coriacea study population. Critically, understanding the number of mating
partners that males and females have within a breeding season should form the basis of any
study concerning sexual selection. While an increasing number of studies are beginning to
employ genetic parentage assignment to explore relationships between subsets of reproductively
active individuals, few studies have undertaken population-wide investigations that consider all
breeding adults and their offspring. The importance of realising the mating success of all
individuals within a population is critical when beginning to explore the causes and
consequences of sexual selection. My genetic analysis was able to confidently assign paternity
to reproductively successful males, but also allowed for the quantification of all unsuccessful
males that did not mate. This is an equally important component of a species mating system that
can have profound consequences when estimating opportunities for sexual selection, yet some
studies often ignore unmated males (see Luo et al., 2015 for an anuran example). My
quantitative parentage analysis contributes to a small but expanding list of studies utilising
genetic approaches to determine the mating system in anurans (albeit, methods and estimates
vary in terms of reliability). Currently, knowledge of anuran genetic mating systems is limited
to less than 1% of all described species (see D'Orgeix & Turner, 1995; Summers & Amos, 1997;
Laurila & Seppä, 1998; Roberts et al., 1999; Lodé & Lesbarrères, 2004; Brown et al., 2008;
Byrne & Keogh, 2009; Brown et al., 2010; Ficetola et al., 2010; Roberts & Byrne, 2011;
Ursprung et al., 2011; Byrne & Roberts, 2012; Ringler et al., 2012; Hase & Shimada, 2014;
Rausch et al., 2014; Wang et al., 2014; Erich et al., 2015; Mangold et al., 2015; Zhao et al.,
2016).
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My findings also provide evidence for only the second case of genetic monandry
reported in an anuran, the other case being in the mimic poison frog (Ranitomeya imitator)
(Brown et al., 2010). Explanations for the evolution of monogamy in R. imitator centre on the
costs and benefits of bi-parental care (mutual cooperation by both sexes to care for offspring
during larval development) (Brown et al., 2010). However, in P. coriacea, females do not
exhibit parental care of offspring. My preliminary investigations provide evidence that females
may be able to accurately assess nest traits and male genetic quality likely to confer both direct
and indirect benefits of choice, proving a novel explanation for the evolution of monandry in
anurans. Monandry in P. coriacea is also distinctive because it contrasts with the polyandrous
mating system of a closely related species (the brown toadlet, Pseudophryne bibronii), which
shares a similar ecology and life-history (Byrne & Keogh, 2009). This is a significant finding
because such extreme mating system variation has rarely been observed among closely related
species of anurans, drawing attention to the complex mechanisms underpinning mating system
evolution. While some studies among vertebrates have reported mating system variation interand intra-specifically, almost all evidence is based on social mating systems (Shine &
Fitzgerald, 1995; Kamler et al., 2004; Deitloff et al., 2014). In contrast, remarkably few studies
present evidence for mating system variation with use of reliable genetic techniques, however,
select examples are found among rodents and syngnathid fishes (Avise et al., 2002; McEachern
et al., 2009; Mobley & Jones, 2009; Streatfeild et al., 2011). Among birds, genetic mating
system variation (as measured by rates of extra-pair fertilisations) have been reported between
broader taxonomic groups (e.g. families), however, less variation is noted between similarly
related species (Westneat & Sherman, 1997). Understanding mating system variation among or
within species, and the importance of environmental and demographic factors that shape
differential mating behaviour, clearly warrants further investigation among taxa. Only through
exhaustive field sampling and robust genetic analysis can we being to realise the true
complexity of animal mating systems. In particular, various discrete findings were made
throughout my investigations (frequent nest take-over by rival males, successful sneaking
strategies and introgressive hybridisation) which have provided fundamental insights into the
potential for sexual selection in P. coriacea. Studies employing less rigorous approaches are
likely to underestimate mating system complexity or may miss key elements that underlie malemale competition and female mate choice.
In my attempts to uncover the importance of direct benefits of mate choice to females, I
found that nest-site selection is influenced by a complex interplay between multiple abiotic nest
traits (moisture and pH) and male advertisement. However, further analysis revealed that nest
moisture and pH were also related to the frequency of male calling, indicating that males that
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acquire better quality nests have an increased capacity to advertise the nest to females. This
finding demonstrated the importance of multiple cues to female mate choice, particularly in
resource-defence mating systems where the quality of the resource can provide a benefit to
females (through increased offspring viability), and can also benefit males (through an increased
capacity to advertise a resource). My results provide one of the first cases of female preferences
for multiple nest traits in an anuran. Notably, even fewer studies have drawn a link between the
quality of the nest and male sexual display, in any animal group. This is important because
male-male competition for nest-sites can have major reproductive consequences. In general,
males that defend dryer, more acidic nests are likely to be at a disadvantage because these nest
attributes are relatively unattractive to females (for egg deposition and offspring development),
but nest moisture and pH also potentially inhibit the ability of males to display and attract a
female. Understanding the role of nests (or resources in general) on both male and female
breeding behaviours is critical among studies of sexual selection (Resetarits Jr, 1996). More
broadly, these findings highlight the need to critically assess mate choice preferences for male
defended resources that have the potential to provide females with direct material benefits. In
order to understand the relative importance of direct and indirect benefits of mate choice, I
encourage studies in a greater diversity of species with resource-based mating systems. Through
such work, we will gain a deeper understanding of the relative importance of material and
genetic benefits, and their role in sexual selection.
My findings also highlight how females are potentially afforded the ability to indirectly
assess resources required for reproduction. By using inadvertent social cues (such as male
vocalisations), females may be able to reduce costs associated with mate searching or direct
resource assessment (e.g. time, energy or predation risk) (Candolin, 2003), if these cues provide
long-range information that facilitates mate choice. Among anurans, it is particularly well
understood that females use acoustic cues to assess male quality (Gerhardt, 1991; Welch et al.,
1998), however, the potential for females to use acoustic cues to determine the quality of maleheld resources, or breeding conditions, remains largely unexplored (Swanson et al., 2007; Cui et
al., 2011). While the role of inadvertent or ‘public’ information among animals is only
beginning to be understood, there is increasing recognition that these cues are likely to be
important to habitat selection and mate choice (Nocera et al., 2009; Blanchet et al., 2010).
In this thesis, I also conducted a simultaneous test of two competing genetic benefit
hypotheses for the evolution of mate choice, the first of its kind using an amphibian. Through
my genetic analysis, I was able to ascertain that mated males were significantly more related to
their female mate than other potential mates within the breeding population during the same
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breeding event. This major finding provided support for the genetic compatibility hypothesis
and, when combined with my finding that hybridisation occurs within the population (see
Chapter 2), indicated that female preference for related males may be explained by outbreeding
avoidance. In general, mate choice for unrelated mates has been considered to be a mechanism
to avoid inbreeding and/or to increase offspring genetic diversity (Pusey & Wolf, 1996;
Tregenza & Wedell, 2000). Furthermore, the idea that female mating preferences for kin is
adaptive has mostly been overlooked in discussions regarding the role of genetic compatibility
in mate choice (Mays & Hill, 2004; Puurtinen et al., 2005). However, as genetic techniques for
estimating relatedness among individuals have become more accessible and reliable, greater
numbers of studies among vertebrates are reporting female mate choice for related males.
Moreover, there is growing evidence for reproductive benefits of such choice (Cohen &
Dearborn, 2004; Langen et al., 2011; Puurtinen, 2011; Szulkin et al., 2013; Sin et al., 2015;
Bordogna et al., 2016). Despite such advances, my study provides the first conclusive evidence
for female mate choice for related males in a wild amphibian population. This is unlikely to be
an isolated example, however, as amphibians in general exhibit numerous traits which increase
their susceptibility to outbreeding depression, including high levels of genetic divergence
among populations, strong site-fidelity, and limited dispersal capabilities (for a more detailed
discussion see section 6.5) (Sagvik et al., 2005). Interestingly, quantitative genetic experiments
are beginning to reveal that females of various amphibian species can obtain fitness benefits by
mating with compatible males (Dziminski et al., 2008; Byrne et al., 2019). Surprisingly,
however, few studies have explored female mating preferences in wild populations. Broadly,
my findings, in combination with recent evidence that females prefer relatives and can obtain
benefits from mating with genetically similar mates (Langen et al., 2011; Jacob et al., 2016;
Cayuela et al., 2017a), call into question the long-standing theory that inbreeding should be
avoided. For various species, inbreeding might actually yield significant fitness benefits (Kokko
& Ots, 2006; Szulkin et al., 2013). This revelation is forcing evolutionary biologists to consider
the broad array of contexts in which mate choice evolves.
6.7

CONCLUSIONS

This thesis presents a sequential, bottom-up approach to understanding the drivers of female
mate choice in a terrestrial breeding toadlet, P. coriacea. By intensively studying an entire wild
population over multiple reproductive events during a breeding season, and with the use of
sophisticated genetic techniques, I have demonstrated that multiple benefits are potentially
important to the evolution of mate choice in this population, underpinned by important interrelationships between various social, environmental and demographic factors. Specifically, I
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demonstrated considerable opportunity for sexual selection in the study population, primarily
due to a male biased sex-ratio, prolonged periods of male advertisement, heavy skew in male
mating success and monandrous mating system. Understanding such fundamental components
of the reproductive ecology of my study system was essential to begin understanding the
direction and strength of sexual selection. Subsequent investigation revealed that female mate
choice is extremely complex, with mating strategies varying temporally, likely in response to
changes in mate availability and mate quality. Overall, direct benefits are likely to underpin
female mate choice to some extent because moist, less acidic nests were more attractive to
females. Here, my findings highlighted the importance of male defended resources (nests) to
both male-male competition (males competed heavily for nests) and female mate choice
(females discriminated against males defending nests without certain qualities). Extending from
this, my research also provided evidence that indirect genetic benefits play a significant role in
female mate choice. Female preference for related mates indicated that mate choice for genetic
compatibility may serve to reduce negative fitness costs associated with outbreeding depression.
Coupled with the knowledge that populations with high genetic differentiation (such as
amphibians) have an increased susceptibility to outbreeding depression (Templeton, 1986), I
argue that mate choice for related mates and genetic compatibility benefits may be more
common that currently realised. My systematic and exhaustive approach to understanding the
mate choice dynamics of P. coriacea, highlights the value of comprehensively testing multiple,
competing hypotheses for the evolution of mate choice. Only by adopting similar,
comprehensive approaches will we more thoroughly understand the complexity of female mate
choice.
6.8

REFERENCES

Achorn, A. M., & Rosenthal, G. G. (2020). It’s not about him: mismeasuring ‘good genes’ in
sexual selection. Trends in Ecology & Evolution, 35(3), 206-219.
Allendorf, F. W. (2017). Genetics and the conservation of natural populations: allozymes to
genomes. Molecular Ecology, 26(2), 420-430.
Amos, W., Wilmer, J. W., & Kokko, H. (2001). Do female grey seals select genetically diverse
mates? Animal Behaviour, 62(1), 157-164.
Andersson, M., & Simmons, L. W. (2006). Sexual selection and mate choice. Trends in Ecology
& Evolution, 21(6), 296-302.
Andersson, M. B. (1994). Sexual selection. Princeton, New Jersey: Princeton University Press.

184

Arak, A. (1983). Male-male competition and mate choice in anuran amphibians. In P. P. G.
Bateson (Ed.), Mate Choice (pp. 181-210). Cambridge, UK: Cambridge University
Press.
Avise, J. C., Jones, A. G., Walker, D., & DeWoody, J. A. (2002). Genetic mating systems and
reproductive natural histories of fishes: lessons for ecology and evolution. Annual
Review of Genetics, 36(1), 19-45.
Baugh, A. T., & Ryan, M. J. (2009). Female túngara frogs vary in commitment to mate choice.
Behavioral Ecology, 20(6), 1153-1159.
Birkhead, T. R. (1998). Cryptic female choice: criteria for establishing female sperm choice.
Evolution, 52(4), 1212-1218.
Blanchet, S., Clobert, J., & Danchin, É. (2010). The role of public information in ecology and
conservation: an emphasis on inadvertent social information. Annals of the New York
Academy of Sciences, 1195(1), 149-168.
Bordogna, G., Cunningham, G., Fitzpatrick, L. J., Halliwell, B., MacGregor, H. E., Munch, K.
L., Wapstra, E., & While, G. M. (2016). An experimental test of relatedness-based mate
discrimination in a social lizard. Behavioral Ecology and Sociobiology, 70(12), 21392147.
Bradford, D. F., & Seymour, R. S. (1985). Energy conservation during the delayed-hatching
period in the frog Pseudophryne bibroni. Physiological Zoology, 58(5), 491-496.
Bradford, D. F., & Seymour, R. S. (1988). Influence of water potential on growth and survival
of the embryo, and gas conductance of the egg, in a terrestrial breeding frog,
Pseudophryne bibroni. Physiological Zoology, 470-474.
Brooke, P. N., Alford, R. A., & Schwarzkopf, L. (2000). Environmental and social factors
influence chorusing behaviour in a tropical frog: examining various temporal and
spatial scales. Behavioral Ecology and Sociobiology, 49(1), 79-87.
Brown, J. L., Morales, V., & Summers, K. (2010). A key ecological trait drove the evolution of
biparental care and monogamy in an amphibian. The American Naturalist, 175(4), 436446.
Brown, J. L., Twomey, E., Morales, V., & Summers, K. (2008). Phytotelm size in relation to
parental care and mating strategies in two species of Peruvian poison frogs. Behaviour,
145(9), 1139-1165.

185

Buxton, V. L., Ward, M. P., & Sperry, J. H. (2017). Frog breeding pond selection in response to
predators and conspecific cues. Ethology, 123(5), 397-404.
Byrne, P. G., Gaitan-Espitia, J. D., & Silla, A. J. (2019). Genetic benefits of extreme sequential
polyandry in a terrestrial-breeding frog. Evolution, 73(9), 1972-1985.
Byrne, P. G., & Keogh, J. S. (2007). Terrestrial toadlets use chemosignals to recognize
conspecifics, locate mates and strategically adjust calling behaviour. Animal Behaviour,
74(5), 1155-1162.
Byrne, P. G., & Keogh, J. S. (2009). Extreme sequential polyandry insures against nest failure
in a frog. Proceedings of the Royal Society of London B: Biological Sciences,
276(1654), 115-120.
Byrne, P. G., & Roberts, J. D. (2012). Evolutionary causes and consequences of sequential
polyandry in anuran amphibians. Biological Reviews, 87(1), 209-228.
Candolin, U. (2003). The use of multiple cues in mate choice. Biological Reviews, 78(4), 575595.
Cayuela, H., Léna, J.-P., Lengagne, T., Kaufmann, B., Mondy, N., Konecny, L., Dumet, A.,
Vienney, A., & Joly, P. (2017a). Relatedness predicts male mating success in a pondbreeding amphibian. Animal Behaviour, 130, 251-261.
Cayuela, H., Lengagne, T., Joly, P., & Léna, J.-P. (2017b). Females trade off the uncertainty of
breeding resource suitability with male quality during mate choice in an anuran. Animal
Behaviour, 123, 179-185.
Chambers, J., Wilson, J. C., & Williamson, I. (2006). Soil pH influences embryonic survival in
Pseudophryne bibronii (Anura: Myobatrachidae). Austral Ecology, 31(1), 68-75.
Cohen, L. B., & Dearborn, D. C. (2004). Great frigatebirds, Fregata minor, choose mates that
are genetically similar. Animal Behaviour, 68(5), 1229-1236.
Cui, J., Tang, Y., & Narins, P. M. (2011). Real estate ads in Emei music frog vocalizations:
female preference for calls emanating from burrows. Biology Letters, 8(3), 337-340.
D'Orgeix, C., & Turner, B. (1995). Multiple paternity in the red‐eyed treefrog Agalychnis
callidryas (Cope). Molecular Ecology, 4, 505-508.
Deitloff, J., Alcorn, M. A., & Graham, S. P. (2014). Variation in mating systems of
salamanders: mate guarding or territoriality? Behavioural Processes, 106, 111-117.

186

Dervo, B. K., Bærum, K. M., Skurdal, J., & Museth, J. (2016). Effects of temperature and
precipitation on breeding migrations of amphibian species in southeastern Norway.
Scientifica, 2016, 1-8.
Driscoll, D. A. (1998). Genetic structure of the frogs Geocrinia lutea and Geocrinia rosea
reflects extreme population divergence and range changes, not dispersal barriers.
Evolution, 52(4), 1147-1157.
Duellman, W. E., & Trueb, L. (1986). Biology of Amphibians. New York, NY: John Hopkins
University Press.
Dziminski, M. A., Roberts, J. D., & Simmons, L. W. (2008). Fitness consequences of parental
compatibility in the frog Crinia georgiana. Evolution, 62(4), 879-886.
Eads, A. R., Mitchell, N. J., & Evans, J. P. (2012). Patterns of genetic variation in desiccation
tolerance in embryos of the terrestrial-breeding frog, Pseudophryne guentheri.
Evolution, 66(9), 2865-2877.
Edmands, S., & Timmerman, C. C. (2003). Modeling factors affecting the severity of
outbreeding depression. Conservation Biology, 17(3), 883-892.
Emlen, S. T., & Oring, L. W. (1977). Ecology, sexual selection, and the evolution of mating
systems. Science, 197, 215-223.
Erich, M., Ringler, M., Hödl, W., & Ringler, E. (2015). Brood-partitioning behaviour in
unpredictable environments: hedging the bets? Behavioral Ecology and Sociobiology,
69(6), 1011-1017.
Felton, A., Alford, R. A., Felton, A. M., & Schwarzkopf, L. (2006). Multiple mate choice
criteria and the importance of age for male mating success in the microhylid frog,
Cophixalus ornatus. Behavioral Ecology and Sociobiology, 59(6), 786-795.
Ficetola, G. F., Padoa‐Schioppa, E., Wang, J., & Garner, T. W. (2010). Polygyny, census and
effective population size in the threatened frog, Rana latastei. Animal Conservation,
13(s1), 82-89.
Forsman, A., & Hagman, M. (2006). Calling is an honest indicator of paternal genetic quality in
poison frogs. Evolution, 60(10), 2148-2157.
Gerhardt, H. C. (1991). Female mate choice in treefrogs: static and dynamic acoustic criteria.
Animal Behaviour, 42(4), 615-635.

187

Gerhardt, H. C. (1995). Phonotaxis in female frogs and toads: execution and design of
experiments. In D. R. Klump GM, Fay RR, & S. WC (Eds.), Methods in comparative
psychoacoustics (pp. 209-220). Birkhäuser Verlag, Basel.
Gerhardt, H. C., & Huber, F. (2002). Acoustic communication in insects and anurans: common
problems and diverse solutions. Chicago, Illunois: University of Chicago Press.
Gerhardt, H. C., & Klump, G. M. (1988). Phonotactic responses and selectivity of barking
treefrogs (Hyla gratiosa) to chorus sounds. Journal of Comparative Physiology A:
Neuroethology, Sensory, Neural, and Behavioral Physiology, 163(6), 795-802.
Griffith, S. C., Owens, I. P., & Thuman, K. A. (2002). Extra pair paternity in birds: a review of
interspecific variation and adaptive function. Molecular Ecology, 11(11), 2195-2212.
Halliday, T., & Tejedo, M. (1995). Intrasexual selection and alternative mating behaviour.
Amphibian Biology, 2, 419-468.
Halloy, M. (2006). Choice of oviposition site in Pleurodema borellii (Leptodactylidae):
importance of conspecific tadpole size. South American Journal of Herpetology, 1(1),
72-78.
Hase, K., & Shimada, M. (2014). Female polyandry and size‐assortative mating in isolated local
populations of the Japanese common toad Bufo japonicus. Biological Journal of the
Linnean Society, 113(1), 236-242.
Hauser, L., Baird, M., Hilborn, R., Seeb, L. W., & Seeb, J. E. (2011). An empirical comparison
of SNPs and microsatellites for parentage and kinship assignment in a wild sockeye
salmon (Oncorhynchus nerka) population. Molecular Ecology Resources, 11, 150-161.
Heap, S. M., Stuart-Fox, D., & Byrne, P. G. (2014). Reduction in site fidelity with smaller
spatial scale may suggest scale-dependent information use. Behavioral Ecology, 26(2),
543-549.
Heth, G., Todrank, J., Busquet, N., & Baudoin, C. (2003). Genetic relatedness assessment
through individual odour similarities in mice. Biological Journal of the Linnean Society,
78(4), 595-603.
Hillyard, S. D., Hoff, K. v. S., & Propper, C. (1998). The water absorption response: a
behavioral assay for physiological processes in terrestrial amphibians. Physiological
Zoology, 71(2), 127-138.
Hughes, C. (1998). Integrating molecular techniques with field methods in studies of social
behavior: a revolution results. Ecology, 79(2), 383-399.
188

Hunter, D. (2000). Population demography and conservation of the southern corroboree frog.
(Masters dissertation), University of Canberra, ACT.
Hunter, D. (2020). Pseudophryne pengilleyi in Species Profile and Threats Database,
Department of the Environment. Retrieved from http://www.environment.gov.au/sprat
Jacob, G., Prévot, A.-C., & Baudry, E. (2016). Feral pigeons (Columba livia) prefer genetically
similar mates despite inbreeding depression. PLoS One, 11(9), e0162451.
Jennions, M., Kokko, H., & Klug, H. (2012). The opportunity to be misled in studies of sexual
selection. Journal of Evolutionary Biology, 25(3), 591-598.
Jennions, M. D., & Petrie, M. (1997). Variation in mate choice and mating preferences: a review
of causes and consequences. Biological Reviews, 72(2), 283-327.
Kamler, J. F., Ballard, W. B., Lemons, P. R., & Mote, K. (2004). Variation in mating system
and group structure in two populations of swift foxes, Vulpes velox. Animal Behaviour,
68(1), 83-88.
Kempenaers, B. (2007). Mate choice and genetic quality: a review of the heterozygosity theory.
Advances in the Study of Behavior, 37, 189-278.
Kirkpatrick, M. (1982). Sexual selection and the evolution of female choice. Evolution, 36(1),
1-12.
Kirkpatrick, M., Rand, A. S., & Ryan, M. J. (2006). Mate choice rules in animals. Animal
Behaviour, 71(5), 1215-1225.
Klemme, I., Ylönen, H., & Eccard, J. A. (2008). Long-term fitness benefits of polyandry in a
small mammal, the bank vole Clethrionomys glareolus. Proceedings of the Royal
Society B: Biological Sciences, 275(1638), 1095-1100.
Klug, H., Heuschele, J., Jennions, M., & Kokko, H. (2010). The mismeasurement of sexual
selection. Journal of Evolutionary Biology, 23(3), 447-462.
Kluge, A. G. (1981). The life history, social organization, and parental behavior of Hyla
rosenbergi Boulenger, a nest-building gladiator frog. Miscellaneous Publications of the
Museum of Zoology, University of Michigan, 160, 1-170.
Kokko, H. (1999). Competition for early arrival in migratory birds. Journal of Animal Ecology,
68(5), 940-950.

189

Kokko, H., Brooks, R., Jennions, M. D., & Morley, J. (2003). The evolution of mate choice and
mating biases. Proceedings of the Royal Society of London B: Biological Sciences,
270(1515), 653-664.
Kokko, H., & Ots, I. (2006). When not to avoid inbreeding. Evolution, 60(3), 467-475.
Kotiaho, J., & Puurtinen, M. (2007). Mate choice for indirect genetic benefits: scrutiny of the
current paradigm. Functional Ecology, 21(4), 638-644.
Langen, K., Schwarzer, J., Kullmann, H., Bakker, T. C., & Thünken, T. (2011). Microsatellite
support for active inbreeding in a cichlid fish. PLoS One, 6(9), e24689.
Laurila, A., & Seppä, P. (1998). Multiple paternity in the common frog (Rana temporaria):
genetic evidence from tadpole kin groups. Biological Journal of the Linnean Society,
63(2), 221-232.
Lin, Y.-S., Lehtinen, R. M., & Kam, Y.-C. (2008). Time-and context-dependent oviposition site
selection of a phytotelm-breeding frog in relation to habitat characteristics and
conspecific cues. Herpetologica, 64(4), 413-421.
Lodé, T., & Lesbarrères, D. (2004). Multiple paternity in Rana dalmatina, a monogamous
territorial breeding anuran. The Science of Nature, 91(1), 44-47.
Luo, Z., Hu, M., Hong, M., Li, C., Gu, Q., Gu, Z., Liao, C., Zhao, M., & Wu, H. (2015).
Outbreeding avoidance as probable driver of mate choice in the Asiatic toad. Journal of
Zoology, 295(3), 223-231.
Lynch, M. (1991). The genetic interpretation of inbreeding depression and outbreeding
depression. Evolution, 45(3), 622-629.
Mangold, A., Trenkwalder, K., Ringler, M., Hödl, W., & Ringler, E. (2015). Low reproductive
skew despite high male-biased operational sex ratio in a glass frog with paternal care.
BMC Evolutionary Biology, 15(1), 181.
Martin, K. L. (1999). Ready and waiting: delayed hatching and extended incubation of
anamniotic vertebrate terrestrial eggs. American Zoologist, 39(2), 279-288.
Mays, H. L., Albrecht, T., Liu, M., & Hill, G. E. (2008). Female choice for genetic
complementarity in birds: a review. Genetica, 134(1), 147-158.
Mays, H. L., & Hill, G. E. (2004). Choosing mates: good genes versus genes that are a good fit.
Trends in Ecology & Evolution, 19(10), 554-559.

190

McDonnell, L., Gartside, D., & Littlejohn, M. (1978). Analysis of a narrow hybrid zone
between two species of Pseudophryne (Anura: Leptodactylidae) in South-eastern
Australia. Evolution, 32(3), 602-612.
McEachern, M., McElreath, R. L., Van Vuren, D. H., & Eadie, J. M. (2009). Another
genetically promiscuous ‘polygynous’ mammal: mating system variation in Neotoma
fuscipes. Animal Behaviour, 77(2), 449-455.
Mitchell, N. J. (2001). Males call more from wetter nests: effects of substrate water potential on
reproductive behaviours of terrestrial toadlets. Proceedings of the Royal Society of
London. Series B: Biological Sciences, 268(1462), 87-93.
Mobley, K. B., & Jones, A. G. (2009). Environmental, demographic, and genetic mating system
variation among five geographically distinct dusky pipefish (Syngnathus floridae)
populations. Molecular Ecology, 18(7), 1476-1490.
Møller, A., & Jennions, M. (2001). How important are direct fitness benefits of sexual
selection? Naturwissenschaften, 88(10), 401-415.
Morbey, Y. E., & Ydenberg, R. C. (2001). Protandrous arrival timing to breeding areas: a
review. Ecology Letters, 4(6), 663-673.
Murphy, C. G. (1994). Determinants of chorus tenure in barking treefrogs (Hyla gratiosa).
Behavioral Ecology and Sociobiology, 34(4), 285-294.
Neff, B. D., & Pitcher, T. E. (2005). Genetic quality and sexual selection: an integrated
framework for good genes and compatible genes. Molecular Ecology, 14(1), 19-38.
Nocera, J. J., Forbes, G. J., & Giraldeau, L. A. (2009). Aggregations from using inadvertent
social information: a form of ideal habitat selection. Ecography, 32(1), 143-152.
O'Brien, D. M., Keogh, J. S., Silla, A. J., & Byrne, P. G. (2018). The unexpected genetic mating
system of the red‐backed toadlet (Pseudophryne coriacea); a species with prolonged
terrestrial breeding and cryptic reproductive behaviour. Molecular Ecology, 27(14),
3001-3015.
Ogushi, Y., Tsuzuki, A., Sato, M., Mochida, H., Okada, R., Suzuki, M., Hillyard, S. D., &
Tanaka, S. (2010). The water-absorption region of ventral skin of several semiterrestrial
and aquatic anuran amphibians identified by aquaporins. American Journal of
Physiology-Regulatory, Integrative and Comparative Physiology, 299(5), R1150R1162.

191

Osborne, W., & Norman, J. (1991). Conservation Genetics of Corroboree Frogs, Pseudophryne
corroboree Moore (Anura, Myobatrachidae)-Population Subdivision and GeneticDivergence. Australian Journal of Zoology, 39(3), 285-297.
Payne, A. (2014). Observation of hybridisation between Pseudophryne australis and
Pseudophryne bibronii (Myobatrachidae). Herpetofauna, 44, 2-5.
Penn, D. J. (2002). The scent of genetic compatibility: sexual selection and the major
histocompatibility complex. Ethology, 108(1), 1-21.
Pérez‐González, J., Costa, V., Santos, P., Carranza, J., Zsolnai, A., Fernández‐Llario, P.,
Monteiro, N., Anton, I., & Beja‐Pereira, A. (2017). Heterozygosity decrease in wild
boar mating system‐a case of outbreeding avoidance? Journal of Zoology, 302(1), 4048.
Pough, F. H. (1980). The advantages of ectothermy for tetrapods. The American Naturalist,
115(1), 92-112.
Pough, F. H., Taigen, T. L., Stewart, M. M., & Brussard, P. F. (1983). Behavioral modification
of evaporative water loss by a Puerto Rican frog. Ecology, 64(2), 244-252.
Pusey, A., & Wolf, M. (1996). Inbreeding avoidance in animals. Trends in Ecology &
Evolution, 11(5), 201-206.
Puurtinen, M. (2011). Mate choice for optimal (k) inbreeding. Evolution, 65(5), 1501-1505.
Puurtinen, M., Ketola, T., & Kotiaho, J. S. (2005). Genetic compatibility and sexual selection.
Trends in Ecology and Evolution, 20(4), 157-158.
Rausch, A. M., Sztatecsny, M., Jehle, R., Ringler, E., & Hödl, W. (2014). Male body size and
parental relatedness but not nuptial colouration influence paternity success during
scramble competition in Rana arvalis. Behaviour, 151, 1869-1884.
Resetarits Jr, W. J. (1996). Oviposition site choice and life history evolution. American
Zoologist, 36(2), 205-215.
Ringler, E., Ringler, M., Jehle, R., & Hödl, W. (2012). The female perspective of mating in A.
femoralis, a territorial frog with paternal care–a spatial and genetic analysis. PLoS One,
7(6).
Rittenhouse, T. A., Semlitsch, R. D., & Thompson III, F. R. (2009). Survival costs associated
with wood frog breeding migrations: effects of timber harvest and drought. Ecology,
90(6), 1620-1630.

192

Roberts, J. D., & Byrne, P. G. (2011). Polyandry, sperm competition, and the evolution of
anuran amphibians.
Roberts, J. D., Standish, R. J., Byrne, P. G., & Doughty, P. (1999). Synchronous polyandry and
multiple paternity in the frog Crinia georgiana (Anura: Myobatrachidae). Animal
Behaviour, 57(3), 721-726.
Rosenthal, G. G. (2017). Mate choice: the evolution of sexual decision making from microbes to
humans. Princeton, UK: Princeton University Press.
Rudin-Bitterli, T. S., Mitchell, N. J., & Evans, J. P. (2018). Environmental stress increases the
magnitude of nonadditive genetic variation in offspring fitness in the frog Crinia
georgiana. The American Naturalist, 192(4), 461-478.
Rudolf, V. H., & Rödel, M. O. (2005). Oviposition site selection in a complex and variable
environment: the role of habitat quality and conspecific cues. Oecologia, 142(2), 316325.
Ryder, T., Tori, W., Blake, J., Loiselle, B., & Parker, P. (2009). Mate choice for genetic quality:
a test of the heterozygosity and compatibility hypotheses in a lek-breeding bird.
Behavioral Ecology, 21(2), 203-210.
Sagvik, J., Uller, T., & Olsson, M. (2005). Outbreeding depression in the common frog, Rana
temporaria. Conservation Genetics, 6(2), 205-211.
Shields, W. M. (1993). The natural and unnatural history of inbreeding and outbreeding. In N.
Thornhill (Ed.), The natural history of inbreeding and outbreeding (pp. 143-169).
Chicago, Illinois: University of Chicago Press.
Shine, R., & Fitzgerald, M. (1995). Variation in mating systems and sexual size dimorphism
between populations of the Australian python Morelia spilota (Serpentes: Pythonidae).
Oecologia, 103(4), 490-498.
Shuster, S. M. (2009). Sexual selection and mating systems. Proceedings of the National
Academy of Sciences, 106, 10009-10016.
Sin, Y. W., Annavi, G., Newman, C., Buesching, C., Burke, T., Macdonald, D. W., & Dugdale,
H. L. (2015). MHC class II‐assortative mate choice in European badgers (Meles meles).
Molecular Ecology, 24(12), 3138-3150.
Sinsch, U. (1990). Migration and orientation in anuran amphibians. Ethology Ecology &
Evolution, 2(1), 65-79.
Stille, W. (1958). The water absorption response of an anuran. Copeia, 1958(3), 217-218.
193

Streatfeild, C. A., Mabry, K. E., Keane, B., Crist, T. O., & Solomon, N. G. (2011). Intraspecific
variability in the social and genetic mating systems of prairie voles, Microtus
ochrogaster. Animal Behaviour, 82(6), 1387-1398.
Sullivan, B. K., & Kwiatkowski, M. A. (2007). Courtship displays in anurans and lizards:
theoretical and empirical contributions to our understanding of costs and selection on
males due to female choice. Functional Ecology, 21(4), 666-675.
Summers, K., & Amos, W. (1997). Behavioral, ecological, and molecular genetic analyses of
reproductive strategies in the Amazonian dart-poison frog, Dendrobates
ventrimaculatus. Behavioral Ecology, 8(3), 260-267.
Swanson, E., Tekmen, S., & Bee, M. (2007). Do female frogs exploit inadvertent social
information to locate breeding aggregations? Canadian Journal of Zoology, 85(9), 921932.
Szulkin, M., Stopher, K. V., Pemberton, J. M., & Reid, J. M. (2013). Inbreeding avoidance,
tolerance, or preference in animals? Trends in Ecology & Evolution, 28(4), 205-211.
Templeton, A. R. (1986). Coadaptation and outbreeding depression. In M. E. Soule (Ed.),
Conservation Biology: the Science of Scarcity and Diversity (pp. 105-116). Sunderland,
Massachusetts: Sinauer Associates.
Thumm, K., & Mahony, M. (2002). Evidence for continuous iteroparity in a temperate-zone
frog, the red-crowned toadlet, Pseudophryne australis (Anura: Myobatrachidae).
Australian Journal of Zoology, 50(2), 151-167.
Tregenza, T., & Wedell, N. (2000). Genetic compatibility, mate choice and patterns of
parentage: invited review. Molecular Ecology, 9(8), 1013-1027.
Ursprung, E., Ringler, M., Jehle, R., & Hoedl, W. (2011). Strong male/male competition allows
for nonchoosy females: high levels of polygynandry in a territorial frog with paternal
care. Molecular Ecology, 20(8), 1759-1771.
Waldman, B., & McKinnon, J. S. (1993). Inbreeding and outbreeding in fishes, amphibians, and
reptiles. In N. Thornhill (Ed.), The natural history of inbreeding and outbreeding:
theoretical and empirical perspectives (pp. 250-282). Chicago, Illinois: The University
of Chicago Press.
Waldman, B., Rice, J. E., & Honeycutt, R. L. (1992). Kin recognition and incest avoidance in
toads. American Zoologist, 32(1), 18-30.

194

Wang, J., Xie, F., Wang, G., & Jiang, J. (2014). Group-spawning and simultanous polyandry of
a stream-dwelling frog Feirana kangxianensis. Asian Herpetological Research, 5(4),
240-244.
Ward, R. D., Skibinski, D. O., & Woodwark, M. (1992). Protein heterozygosity, protein
structure, and taxonomic differentiation. Evolutionary Biology, 26, 73-159.
Welch, A. M. (2003). Genetic benefits of a female mating preference in gray tree frogs are
context‐dependent. Evolution, 57(4), 883-893.
Welch, A. M., Semlitsch, R. D., & Gerhardt, H. C. (1998). Call duration as an indicator of
genetic quality in male gray tree frogs. Science, 280(5371), 1928-1930.
Wells, K. D. (1977). The social behaviour of anuran amphibians. Animal Behaviour, 25, 666693.
Wells, K. D. (2010). The ecology and behavior of amphibians. Chicago, Illinois: University of
Chicago Press.
Westneat, D. F., & Sherman, P. W. (1997). Density and extra-pair fertilizations in birds: a
comparative analysis. Behavioral Ecology and Sociobiology, 41(4), 205-215.
White, A. (1993). Ecological and behavioural observations on populations of the toadlets
Pseudophryne coriacea and Pseudophryne bibronii on the central coast of New South
Wales Herpetology in Australia: a diverse discipline (pp. 139-149). Mosman, NSW:
Royal Zoological Society of New South Wales.
Woodruff, D. S. (1972). The evolutionary significance of hybrid zones in Pseudophryne (Anura:
Leptodactylidae). (PhD Thesis), University of Melbourne, Australia.
Woodruff, D. S. (1976a). Courtship, reproductive rates, and mating system in three Australian
Pseudophryne (Amphibia, Anura, Leptodactylidae). Journal of Herpetology, 10(4),
313-318.
Woodruff, D. S. (1976b). Embryonic mortality in Pseudophryne (Anura: Leptodactylidae).
Copeia, 3, 445-449.
Woodruff, D. S. (1977a). Hybridizatioin between two species of Pseudophryne (Anura:
Leptodactylidae) in the Sydney Basin, Australia. Proceedings of the Linnean Society of
New South Wales, 102(3), 131-147.
Woodruff, D. S. (1977b). Male postmating brooding behavior in three Australian Pseudophryne
(Anura: Leptodactylidae). Herpetologica, 33(3), 296-303.

195

Woodruff, D. S. (1981). Towards a genodynamics of hybrid zones: studies of Australian frogs
and West Indian land snails. In W. Atchley & D. Woodruff (Eds.), Evolution and
Speciation (pp. 171-197). Cambridge, New York: Cambridge University Press.
Zhao, M., Li, C., Zhang, W., Wang, H., Luo, Z., Gu, Q., Gu, Z., Liao, C., & Wu, H. (2016).
Male pursuit of higher reproductive success drives female polyandry in the Omei
treefrog. Animal Behaviour, 111, 101-110.

196

APPENDICES
APPENDIX 1

Repeated measures incurred by polyandrous females were avoided by only including one male mate, chosen randomly (a), for each polyandrous
female when calculating mean HDV-mated and variance of HDV-mated. Alternatively, HDV-mated and variance of HDV-mated was calculated
by including only the least related mate (b) and only the most related mate (c), per polyandrous female. Significance level different from those
presented in the main document are highlighted in bold.
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APPENDIX 2

Mean ± SD, variance and range of relatedness (HDV) for actual female-male mates (identified by offspring genetic parentage) during each
breeding event.
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APPENDIX 3

Mean relatedness (HDV) and variance generated from 10,000 simulations of random pairings between all assigned mothers and all potential
mates from each breeding event. Two-tailed 95% confidence intervals and significance values (HDV P-value and Variance P-value) indicate
whether HDV mean and variance of actual mates (see Table 2) differed from randomly generated mean and variance values. Note: lower HDV
equals greater relatedness.

199

